A Study on Pitting Corrosion of Stainless Steels in Halide Solutions by CHUA SHU ER SHERLYN
  
 
A STUDY ON PITTING CORROSION OF STAINLESS 























A STUDY ON PITTING CORROSION OF STAINLESS 







CHUA SHU ER SHERLYN 






A THESIS SUBMITTED  
FOR THE DEGREE OF MASTER OF ENGINEERING 
DEPARTMENT OF MATERIALS SCIENCE AND 
ENGINEERING 








I would like to express my sincere thanks and appreciation to my supervisor A/P 
Daniel Blackwood. He has shown utmost patience and optimism towards me during 
the entire course of study. Most importantly, he is always ever ready to share his 
knowledge and experiences not only in this project, but in other areas as well. He 
displays no airs as a professor/supervisor and he was even willing to go down to the 
laboratory to guide me in experiments. His encouragement, guidance and invaluable 
insights have been the main motivation behind this thesis.  
Special thanks also go to the laboratory staff in the Department of Materials 
Science and Engineering. Amidst their busy schedule, they were always willing to fork 
out time for equipment training. In particular, Mr. Henche Kuan had been very helpful 
in the area of XPS and I deeply appreciate his thoughtful recommendations and advice. 
Given that I was also holding on to teaching duties, I would also like to express my 
sincere thanks to my fellow teaching assistants. They have been very tolerant of my 
dual student/TA role and have been nothing but encouraging.  
Laboratory work in E3A had been very enjoyable. When experimental results do 
not go as planned, there were always laboratory mates to count on for advice, 
encouragement, laughter and joy. These friendships we have forged will follow us all 
the way – Chin Yong, Swee Jen, Chunhua, Wenlai, Dongqing, Gui Yang, Xuelian, 
Yeru and many more from the E3A laboratories.  
My last thanks go to my family and most importantly my best friend, Ho Pin. No 
number of words can express my thanks. Simply to say, without her around, this thesis 
would not materialize.  
ii 
 
Table of Contents 
Acknowledgments ............................................................................................................ i 
Table of Contents ............................................................................................................ ii 
Summary ........................................................................................................................ iv 
List of Tables ................................................................................................................. vi 
List of Figures .............................................................................................................. viii 
1. INTRODUCTION .............................................................................................. 1 
1.1 General Overview of Pitting Corrosion ........................................................... 2 
1.2 Stages of Pitting ............................................................................................... 5 
1.2.1 Pit Initiation/Nucleation ............................................................................ 5 
1.2.2 Metastable Pitting ..................................................................................... 8 
1.2.3 Stable Pit Growth ...................................................................................... 8 
1.3 Determining Pitting Resistance in Stainless Steels ........................................ 10 
1.3.1 Pitting Resistance Equivalent Number (PREN) ..................................... 10 
1.3.2 Electrochemical Parameters of Pitting Corrosion in Stainless Steels ..... 11 
2. LITERATURE REVIEW ............................................................................... 13 
2.1 The Role of Molybdenum in Improving Pitting Resistance .......................... 13 




 solutions ................................................... 14 
2.3 Motivation and Organization of Thesis ...................................................... 17 
3. EXPERIMENTAL DETAILS ........................................................................ 19 
3.1 Samples and Solutions ................................................................................... 19 
3.2 Electrochemical Experiments ......................................................................... 21 
3.2.1 Experimental Setup ................................................................................. 21 
3.2.2 Cyclic Potentiodynamic Polarization ...................................................... 22 
3.2.3 Potentiostatic Metastable Pitting Tests ................................................... 22 
3.3 X-ray Photoelectron Spectroscopy ................................................................. 23 
3.4 Scanning Electron Microscopy ...................................................................... 24 
4. RESULTS AND DISCUSSIONS .................................................................... 25 
4.1  Effects of Temperature on Pitting Behaviour ................................................... 25 
4.1.1 Pitting and Repassivation Characteristics ............................................... 25 
4.1.2 Metastable Pitting ................................................................................... 32 
4.1.3 SEM Imaging .......................................................................................... 42 
4.1.4 Studies on Passive Film – XPS ............................................................... 46 
iii 
 
4.2 Effects of Electrolyte Anion on Pitting Behaviour ........................................ 55 
4.2.1 Pitting and Repassivation Characteristics ............................................... 55 
4.2.2 Metastable Pitting ................................................................................... 60 
4.2.3 SEM Imaging .......................................................................................... 65 
4.2.4 Studies on Passive Film – XPS ............................................................... 67 
4.3 Effects of Electrolyte Cation on Pitting Behaviour ........................................ 77 
4.3.1 Pitting and Repassivation Characteristics ............................................... 77 
4.4 Correlation with PREN .................................................................................. 83 
5. CONCLUSION ................................................................................................ 85 
6. FUTURE WORK ............................................................................................. 88 






The role of Mo in the pitting behaviours of stainless steels in bromide solutions 
is a matter of current debate. While Mo has been widely acknowledged to increase the 
pitting resistance in chloride solutions, some authors have proposed that the beneficial 
effects of Mo are compromised in bromide solutions. The work in this thesis was 
initiated to shed further light on this controversial issue. The pitting behaviours of 
austenitic 304L, 316L, SMO and duplex 329 stainless steels at different temperatures 
in various solutions were investigated by traditional electrochemical techniques and 
further characterized by scanning electron microscopy (SEM) and x-ray photoelectron 
spectroscopy (XPS). With increasing temperature from 3 to 90°C, the pitting 
resistances of the stainless steels decreased. The potentiodynamic and potentiostatic 
tests showed that temperature had a greater effect on the nucleation and growth 
compared to the repassivation and death of pits.  
The temperature dependent pitting potentials of the stainless steels followed a 
linear relationship in sodium bromide but an exponential relationship in sodium 
chloride. Similarly, the temperature effect on the repassivation potentials was higher in 
chloride compared to bromide solutions. The difference in pitting potential-
temperature relationships was proposed to be due to different rate-determining steps. 
In chloride solutions, pitting corrosion due to MnS inclusions were more favoured 
while pitting due to breakdown of passive film occurred more easily in bromide 
solutions. A cross-over temperature Tc was also established. Below Tc, pitting 
resistance was higher in chloride solution and above that pitting resistance was higher 
in bromide solution. The estimated Tc (22°C for 304L, 32°C for 316L, 52°C for 329 
and >90°C for SMO) was observed to increase with the PREN of the stainless steels.  
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XPS results revealed the formation of molybdates MoO4
2-
 in the passive films 
of SMO and 329 in chloride solutions, but the formation was compromised in bromide 
solutions. The presence of the molybdates could be the main reason behind the high 
pitting resistance of SMO in chloride solution. In addition, the XPS data indicated that 
passive films formed on the stainless steels consisted of a surface hydroxide-oxide 
layer, followed by a mixed iron-chromium oxide layer and a thick layer of Cr2O3. 
The electrolyte cations are not typically involved in the pitting corrosion of 
stainless steels. However, to further ascertain this point, the pitting potentials of 304L 
were measured in LiBr, NaBr and KBr. The pitting potentials Ep were found to be the 
highest in LiBr, followed by NaBr and the lowest pitting resistance was in KBr. This 
was proposed to be due to the different cation mobilities and diffusivities which will 
then affect the rate at which the pit anolyte acidifies. Finally, it can be concluded from 
this work that the pitting resistance number (PREN) is still a useful guide in predicting 
the pitting resistances of the stainless steels in both chloride and bromide solutions at 
different temperatures. It seems that the alloying of Mo is still beneficial in bromide 
solutions.  
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The total annual cost due to corrosion in the United States was estimated to be 
3-5% of the gross national product [1,2]. Due to their high corrosion resistivity, 
engineering alloys like stainless steels have very high practical interest in many 
applications and fields. Their uses range from simple household appliances, cooking 
wares and surgical instruments to large scale construction scaffolds, marine equipment 
and automotive structures. The high corrosion resistivity is largely attributed to the 
thin layer (nanometer scale) of passive oxide film formed on the surface of the 
stainless steel. This passive film isolates the metal/alloy from the environment, 
provides a powerful barrier towards ionic migration and greatly reduces the dissolution 
or corrosion rate of the alloy [2]. For instance, a 1mm thick plate of stainless steel can 
resist the action of the corrosive environment for several thousands of years. However, 
in certain aggressive environments these passive films are susceptible to localized 
breakdown, leading to accelerated dissolution/corrosion of the underlying metal [3,4]. 
There are generally two kinds of localized corrosion – if the attack occurs at an 
occluded site, it is known as crevice corrosion; if it occurs on an open surface, such 
localized metal degradation is termed pitting corrosion [4]. Cavities, or better known 
as pits, formed on the surface of stainless steels are often quite small and are easily 
hidden by apparently inoffensive corrosion products. Hence pits appear less severe 
than they actually are and often remain undetected until leaks or cracks result from the 
perforation of structural components [5]. Pitting corrosion is insidious, unpredictable 
and it was reported that a third of the chemical plant failures in the United States are 




1.1 General Overview of Pitting Corrosion  
 Since pitting corrosion occurs due to a localized breakdown in the protective 
passive film, the corrosive media must be sufficiently oxidizing to favour passivity. In 
addition, pitting corrosion almost only occurs in the presence of aggressive anionic 
species, the most common being the chloride ion, others include bromide, iodide and 
sulphide [2,4].  
 Pitting corrosion typically takes place at regions of local imperfections, such as 
surface scratches, grain boundaries and, most commonly in stainless steels, 
compositional inhomegeneities such as non-metallic inclusions [3]. Depending on the 
chemistry of the environment and the metallurgy of the alloy, the resulting pits can 
become wide and shallow or narrow and deep. Figure 1.1 illustrates some classic pit 








Once a pit is formed and begins to grow, pitting becomes self-sustaining or 
autocatalytic in nature where conditions develop such that further pit growth is 
promoted. Within the pit, the oxygen supply (cathodic reagent) becomes depleted 
hence shifting the cathodic reaction to the exposed surface. The anodic corrosion 
reaction inside the pit is then supported by the external cathodic reaction. In the local 
Figure 1.1 Different pit morphologies. 





pit environment, metal cations are first produced by the dissolution of metal. The 
hydrolysis of the metal cations produces H
+
 ions. To maintain charge neutrality within 
the pit, negative anions such as Cl
-
 diffuse into the pit. This further increases the 
aggressive anion concentration and causes the pH to fall further. With the decrease in 
pH, the dissolution rate of the metal increases and the whole process becomes 
autocatalytic or self-sustaining. The anodic metal dissolution liberates electrons which 
are then consumed by the cathodic reaction taking place on the exterior surface 
(cathode) adjacent to the pit. A schematic illustration is given in Figure 1.2 and a 








The pit electrolyte is very acidic, with pH as low as 1-2 and the chloride 
concentration can also be up to ten times that of the bulk solution. The anodic reaction 
products form a layer of salt film at the base of the pit which prevents repassivation. 
The remnants of the passive film form a pit cover, acting as a diffusion barrier, 




ions inside the pit. This creates 
a highly acidic and concentrated environment suitable for stable pit growth. 
 
Figure 1.2 Schematic diagram illustrating the anodic and cathodic reactions inside a pit. 
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Table 1.1 Chemical reactions which occur during pitting corrosion. 
Inside the pit (anode) Passive surface adjacent to the pit 
(cathode) 
Metal dissolution: 
Fe → Fe2+ + 2e- 
 
Hydrolysis of cations, producing an acidic 
environment within the pit: 
Fe
2













Reaction between cation and Cl
-
, causing 





 + 3H2O → Fe(OH)3 + 3HCl 
 










 + 2H2O → FeCl2 + 2H2O 
 
O2 + 2H2O + 4e
-


























1.2 Stages of Pitting  
The evolution of corrosion pits on stainless steels in halide solutions can be 
divided into three stages – nucleation, metastable growth and stable growth. In this 
section, the different proposed pit initiation/nucleation mechanisms are first introduced, 
followed by the growth of metastable pits and lastly, the formation and propagation of 
stable pits.  
 
1.2.1 Pit Initiation/Nucleation 
 There have been many models introduced to explain pit nucleation. It is widely 
believed that sulphide inclusions are very detrimental towards pitting resistance of 
stainless steels [8-12], but there has yet to be a universally accepted mechanism. The 
most common argument is that the dissolution of the sulphide inclusions exposes the 
bare metal and creates an aggressive local environment due to the dissolution products 
[6,13]. Williams et al. [14] suggested that the dissolution of MnS inclusions leads to a 
local decrease in pH and the deposition of a sulphur-rich crust in a ring around the 
inclusion. Moreover, electromigration through the sulphur crust is essential to support 
the high dissolution current. This leads to local accumulation of chloride under the 
crust which in turn catalyzes the dissolution of the inclusion. In 2010, Williams et al. 
once again put forth an argument that a thin porous metal-deficient polysulphide skin 
forms between the bulk of the inclusion and the steel, where a pit can be triggered [11]. 
Ryan et al. proposed that instead of the dissolution of the inclusion causing pit 
nucleation, it was the depletion of Cr around the sulphide inclusions which resulted in 
pits forming around the inclusions [15]. This argument was disputed by Meng et al. 
[16] who found no such evidence.  
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 Several groups proposed that pit nucleation is caused by a mechanical 
breakdown of the film thus exposing parts of the bare metal surface to the electrolyte 
[17-21]. Hoar claimed that when the passive film is in contact with an aggressive 
electrolyte, the film becomes mechanically stressed and damaged by pores and flaws 
as a result of changes in the interfacial forces [20]. In contrast, Fromhold suggested 
that the electrochemical potential gradients inside the film give rise to large stress 
values which are high enough to produce mechanical breakdown of the passive film 
[22]. According to Sato, mechanical stresses resulting from electrostriction and surface 
tension effects cause localized breakdown in the passive film [18,19]. He further 
presented another model introducing the formation of a through-going pore which 
leads to the electrocapillary breakdown of the passive film [17]. Alternatively, Xu et al. 
proposed that the localized breakdown of the passive film takes place preferentially on 
the concave regions of a metal surface by the concentration of electrostatic stresses 
[21].  
 Other than the mechanical breakdown theory, the idea of the thinning of the 
oxide film as a possible cause to the localized breakdown was also introduced [23-26]. 
The basis of the theory is that the adsorbed aggressive anions form soluble transitional 
complexes with the cations on the oxide surface. Under a constant anode potential, the 
electrical field increases at the thinned point of the passive film, resulting in film 
dissolution until the bare metal surface.     
 Another well-known pit initiation mechanism is the ion penetration mechanism. 
The thickness of the passive layer is typically a few nanometers and thus there exists a 




 [27]. With 
the assistance of the electric field, Cl
-
 ions are able to penetrate the passive film, as 
advocated by Evans [28], Hoar et al. [29] and Ilevbare et al. [30]. Ilevbare and 
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Burstein suggested that chloride ions (along with oxygen ions) can be drawn through 
the passive film under this high electric field and at the metal-oxide interface, metal 
chloride is formed. Since metal chloride has a larger molar volume than the metal 
oxide, an internal pressure builds up, resulting in the rupture of the passive film [30]. 
Interestingly, there have been works by various authors who found the incorporation of 
chloride ion into the passive film of stainless steels [31-36]; however, at the same time, 
there are others who report its absence [37-38].  The contradictory results may likely 
be due to differences in the experimental methodology, sample preparation and 
sensitivity of the surface characterization technique.  
 In contrast to the penetration model, Macdonald et al. introduced the point 
defect model, which is based on the migration of point defects (oxygen and metal 
vacancies) [41]. In this model, the chloride ion is absorbed into the oxygen vacancies 
at the outer layer of the passive film, hence increasing the local cation vacancy 
concentration. This increases the electromigration-dominated flux of cation vacancies 
from the outer layer of the passive film to the barrier/metal interface. The cation 
vacancies at the metal/barrier interface are then annihilated by an oxidative injection of 
cation from the metal into the passive film. If the rate of annihilation is slower than the 
enhanced flux of cation vacancies, the accumulation of cation vacancies at the 
metal/passive oxide leads to a collapse of the film. These collapse sites act as pit 
nucleation sites [41]. This point defect model has continuously been adopted and 
optimized to provide an analytical description of the breakdown of the passive film 
and subsequent pitting activities [42,43].  
 Following the initiation stage would be the growth of pits which occurs in 2 
stages – metastable and stable growth.   
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1.2.2 Metastable Pitting 
Metastable pitting was first observed by Hisamatsu et al. in 1971 where small 
current transients (< 20μA cm-2) were measured in potentiostatic tests at low potentials. 
They attributed these current transients to the dissolution and repassivation at sites of 
film breakthrough [44]. Following that, Sato suggested that the breakdown of the 
passive film provided initiation sites for pitting and described these current transients 
as unstable pit embryos [17,45]. In 1987, Frenkel et al. introduced the term 
“metastable pitting” which described pits which nucleated but did not achieve stable 
growth [46].  
Once a pit has nucleated, its growth is sustained by the development of a highly 
aggressive anolyte inside the pit [47]. As mentioned in Section 1.1, the pit anolyte is 
highly acidic, with a high metal salt concentration. At any point of time, should the pit 
contents be diluted, repassivation would be favoured and the pit stops growing [45,48]. 
These pits which stopped growing are termed metastable pits. Metastable pits do not 
cause serious damage to the metals in real-life scenarios as the size of these pits are 
typically on the order of a few micrometres. The study of metastable pits however, can 
reveal information about the formation of stable pits as there is little difference 
between metastable growth and the initial growth of a pit which steadily propagates 
without repassivation [49].   
 
1.2.3 Stable Pit Growth 
 Pistorius and Burstein introduced the concept of Pit Stability Product (i·a), the 
product of the pit radius (a) and its dissolution current density (i) [47,50]. For stable pit 
growth, the product i·a of the pit has to exceed a critical value (for example, for 304L 





). If the pit anolyte is maintained at a high acidity level and saturated metal salt 
concentration required to sustain metal dissolution, pit growth can be sustained and 
repassivation is prevented [17,47,51]. It was suggested that metastable pits relied on a 
porous cover to maintain the highly aggressive pit environment. If this pit cover is lost 
prematurely before the critical pit stability product can be reached, repassivation will 
occur and the pit does not reach stable growth. Nevertheless, when the cover is no 
longer required for sustained propagation and the pit depth itself acts as a sufficient 
diffusion barrier, the pit has achieved stability. From then onwards, pit growth is 




1.3 Determining Pitting Resistance in Stainless Steels  
1.3.1 Pitting Resistance Equivalent Number (PREN) 
There are over 100 different types of stainless steels and they can be classified 
based on their microstructures and compositions into five main categories: austenitic, 
ferritic, duplex (mixture of austentic and ferritic), martensitic and precipitation 
hardening martensitic [52]. The more common alloying elements include chromium, 
vanadium, molybdenum, tungsten, nickel, manganese and sulphur. Extensive work on 
the effects of different alloying metals on the pitting resistance of stainless steels have 
been reviewed by many authors and it has been widely accepted that while S is 
detrimental, Cr, V, Mo, W and N are generally beneficial towards pitting resistance 
[53-54]. A common way to rank the pitting corrosion resistance of stainless steels is to 
compute and compare the Pitting Resistance Equivalent Number (PREN) [55,56]. A 
higher PREN indicates a greater corrosion resistance. The PREN can be calculated as: 
PREN = %Cr + 3.3%Mo + 16%N (1.1) 
PREN is a widely recognized theoretical relationship to compare the pitting 
resistances of stainless steels based on the chemical compositions of the alloy. Various 
multipliers for N (12.8 – 30) have been used in equation 1.1, with the larger values 
used for the austenitic stainless steels grades. For super-duplex stainless steels 
containing tungsten, the effects of W can also be included in the PREN to 
acknowledge its positive effects on pitting resistance.   
PREN = %Cr + 3.3%(Mo + 0.5%W) + 16%N (1.2) 
 Ni and Mn are not believed to directly influence the pitting resistance. In 
general, stainless steels with PREN larger than 26 are suitable for biomedical 
applications while those larger than 40 are typically used in stagnant seawaters.  
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1.3.2 Electrochemical Parameters of Pitting Corrosion in Stainless Steels 
 Potentiodynamic polarization is typically used to determine pitting corrosion 
susceptibilities of metals and alloys under controlled conditions. In this test, the 
potential is cycled towards the anodic region (more positive potential values), starting 
from potentials more negative to the open-circuit potential of the stainless steel sample. 
The current density, which is also a measure of the rate of (corrosion) reaction, is 
recorded at the same time. Figure 1.3 shows a schematic potentiodynamic cyclic 
polarization plot of a spontaneously passive material, indicating that a protective 








Several important characteristic values can be obtained from the 
potentiodyanamic cyclic polarization curve. The pitting potential Ep is defined as the 
potential where the large and rapid increase in current density initiates. It represents 
the potential limit above which stable pitting is achieved. At potentials below Ep, the 
current density remains consistently low and the metal is in a passive state. During 
upward scanning to most positive potentials, small current transients representative of 
Figure 1.3 Schematic of a potentiodynamic cyclic polarization curve indicating the 
metastable pitting region, pitting potential Ep, repassivation potential Er and 
corrosion potential Ecorr. 
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metastable pitting are recorded. The onset of stable pitting corrosion is characterized 
by a rapid and large increase of the anodic current at potentials below the potential of 
oxygen evolution and transpassive dissolution of stainless steel. After this sudden and 
large increase in current, the scan direction is reversed towards the cathodic region and 
continued until the backward scan crosses the forward scan. The repassivation 
potential Er is the potential where the reverse scan crossed the forward scan and refers 
to the limit below which the metal remains passive. The presence of the hysteresis loop 
reflects that localized corrosion has taken place. When stable pitting takes place, the 
pits remain active for some time even after the scan direction is reversed. This leads to 
a higher current being measured on the reverse loop at potentials where passive 
behaviour (low current) were previously measured on the forward scan, as such 
producing the hysteresis loop. If there is no hysteresis, it is likely that the sharp rise in 
current is due to some other non-reversible oxidation reactions or transpassive 
breakdown of the passive film.  
 It is widely accepted that the more noble (more positive) the Ep value is, the 
more resistant the metal is towards pitting corrosion and the longer the time required 
for pit initiation at potentials below Ep, but above Er. Below Er, active pits will 
repassivate and stable pit growth will not occur [5,58,59] . The corrosion potential Ecorr 





2. LITERATURE REVIEW 
2.1 The Role of Molybdenum in Improving Pitting Resistance 
 In Section 1.3.1, it was indicated that Mo is one of the common alloying 
elements in stainless steels used to enhance the pitting corrosion resistance. Yaniv et al. 
proposed that Mo improved the quality of the bonding at the metal-oxide interface 
creating a barrier layer [60]. Clayton and Lu suggested that Mo forms MoO4
2-
 in the 
outer regions of the passive film and aids deprotonation of OH
-
 and the resulting 
release of O
2-
 which will form a barrier layer with Cr at the metal film interface [61,62]. 
MoO4
2-
, with its strong fixed negative charge, would also prevent the entry of Cl
-
 ions 
into the passive film. The incorporation of oxygen ligands from the MoO4
2-
 molecules 





anions into the metal, hence reducing the degree of rehydration and chlorination of the 
film [61]. Tobler and Virtanen demonstrated that both the addition of molybdate ions 
to the electrolyte and alloyed Mo enhanced the repassivation of metastable pits and 
hindered the growth of stable pits [63]. Their work is supported by Ilevbare and 
Burstein who showed that Mo reduced the number and size of both nucleations and 
metastable pits and made stable pit growth more difficult. Ellipsometry studies by 
Sugimoto suggest that Mo increases the thickness of the passive film, thereby 
enhancing pitting resistance [64]; although Mischler and his co-authors have claimed 
that thickness of the passive film is not influenced by the Mo content [33,65].  









 solutions  
Regardless of the mechanism behind the protective properties of alloyed Mo in 
stainless steels, it has been shown that Mo does increase the pitting resistance of 
stainless steels in chloride solutions. Chloride ions are most frequently found in 
environments such as sea-water, chemical plants, pulp and paper processing, 
automobile exhaust gas condensate, just to name a few. Many authors reported that 
chloride ions are the most aggressive anions causing pitting in stainless steels [4,66,67]. 
A number of explanations for the aggressiveness of chloride ions have been proposed. 
Chloride, being an anion of a strong acid, is relatively small with high diffusivity. It 
interferes with passivation as its small size enables penetration through the passive 
oxide film under an electric field. In addition, many metal cations exhibit considerable 
solubility in chloride solutions [66,68]. Many authors have ranked the aggressiveness 
of halide solutions to be in the order of chloride > bromide > iodide [26,69-71]. 
Tzaneva et al. showed that the pitting potentials of Cr-Mn-N and Cr-Ni steels were the 
lowest in chloride, followed by bromide and iodide solutions and attributed this to the 
higher reactivity of chloride ions in comparison with bromide and iodide ions [69]. 







 and the resultant lower injection of electrons into the oxide film 
by bromide and iodide [71].   
Two important points must be noted. Firstly, alloyed Mo has been shown to 
increase the pitting resistances of stainless steels in chloride solutions. Secondly, it is 
widely believed that chloride is the most aggressive halide anion. Ernst and Newman 
showed that for both 304L and 316L, pitting potentials were higher in NaBr, with 
316L performing better than 304L [72]. Carroll and Howley measured the pitting 
potentials of 316L in NaCl and NaBr from 5 to 30°C and found out that while the 
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pitting potentials in bromide are higher than those in chloride solutions, the rate of 
change of Ep with temperature is lower in the former [73]. Bond [74] measured the 
pitting potentials of ferritic 18% Cr steels containing 0-5% Mo in chloride and 
bromide solutions over a temperature range from 1 to 70°C. His work showed that 
with increasing Mo content, pitting potentials (and hence pitting resistances) of the 
steels in both solutions increased and peak at 3.5% Mo. Beyond 3.5% Mo, pitting 
potentials decreased. This same trend was observed at all temperatures, in both 
chloride and bromide solutions, with the pitting potentials in the latter being more 
noble (positive). The decrease in pitting potential at higher Mo content was a 
consequence of the phase constitution of the alloys where a secondary chi phase was 
present at beyond 3.5% Mo content. The chi phase could be less resistant than the 
matrix or that the chi/ferrite interface forms preferential pitting sites. Muñoz and his 
co-authors found that in LiBr solutions, the austenitic stainless steel with higher Mo 
content exhibited higher pitting potentials, thereby showing that Mo apparently 
increases pitting resistance in bromide solutions [75].  
However, there have been contradictory results published by other researchers. 
Carroll and Lynskey measured the pitting potentials of a 316L wire loop electrode 
system in NaCl and NaBr solutions at room temperature in different halide 
concentrations and pH [76]. They found that the pitting potentials in NaBr were close 
to 200mV lower than that in NaCl, indicating that Br
-
 is the more aggressive ion. 
However, when similar pitting corrosion tests were carried out on steel bar samples of 
316L in a crevice-free electrode setup, Cl
-
 turned out to be more aggressive than Br
-
. 
The authors observed that the surface pre-treatements in acid solution raised the Ep in 
chloride solutions by a greater amount than in bromide solutions. In addition, the wire 
loop was believed to have a lower population density of surface flaws than the 
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plate/bar. Hence, the authors postulated that the chloride ion had a greater tendency to 
adsorb at surface inclusions compared to the bromide ion and removing these surface 
flaws would affect the aggressiveness of the chloride ion. Horvath and Uhlig showed 
that pitting in >2% Mo stainless steels was more pronounced in bromide than in 
chloride solutions and attributed this behaviour to the relatively higher affinity of Mo 
for Br
-
 [77]. Guo and Ives reported similar results where austenitic stainless steels with 
a higher Mo content showed lower pitting potentials at elevated temperatures in 
bromide than in chloride solutions [78]. In particular, UNS S31254 (with 6.1% Mo) 
was significantly more susceptible in bromide solutions. In Kaneko and Isaacs’ work, 
increasing Mo content in ferritic Fe-18%Cr-x%Mo resulted in a much greater increase 
in the pitting potential in chloride compared to bromide solutions [79]. Beyond 2wt% 
Mo, the pitting potential of the ferritic alloys were lower in bromide compared to 
chloride solutions. For austenitic Fe-18%Cr-12-15%Ni-x%Mo alloys, with the 
presence of Mo, pitting potentials were higher in chloride than in bromide solutions. 
Between 0 to 4wt% Mo, the pitting potential was relatively constant.  The differences 
in pitting potentials in chloride and bromide solutions were attributed to the differences 
in the active dissolution rate of the bare metal in the concentrated halide solutions and 
the repassivation characteristics of the stainless steels [80]. From these results, the 
Kaneko and Isaacs concluded that Mo did not always show beneficial effects in 
preventing pitting corrosion in bromide solutions. Kimura et al. performed X-ray 
absorption spectroscopy and deduced that the formation of a polymeric molybdate 
network improved the pitting corrosion of Fe–18%Cr–20%Ni–5%Mo in LiCl [81]. 
However in LiBr, the bromide ions broke up this network and formed hydro-bromo-
complexes near the metal interface.   
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2.3 Motivation and Organization of Thesis 
 The many contradicting results published by the various authors highlight the 
following questions:  
1. A higher Mo content has been shown to increase the pitting resistance of 
stainless steels in chloride solutions; does this apply to bromide solutions as 
well?  
2. Does the aggressiveness of halide solutions in their role in pitting corrosion 







3. Can the PREN still be a sufficient guide to predict the relative pitting resistance 
of the stainless steel alloys?  
It is apparent that the effects of Mo are different in chloride and bromide 
solutions. Though many authors have reported that chloride ions are the most 
aggressive ions resulting in pitting corrosion, this is not always true as seen from the 
literature review. In addition, it seems that the accuracy of PREN in predicting pitting 
resistances in bromide solutions is compromised. Bromide ions can increasingly be 
found in oil well completion fluids, destraching agents in cottons, pulp and paper 
industry and industrial refrigeration systems. It is insufficient to focus solely on the 
pitting corrosion in chloride solutions and assume the same behaviour in bromide 
solutions. Furthermore, it becomes apparent that alloying Mo in stainless steels to 
improve pitting resistance is not effective in all scenarios. The high cost of Mo is also 
not justified should its presence not improve the pitting resistance of stainless steels. 
The work done for this thesis serves to shed light on the pitting behaviours of the 
stainless steels in chloride and bromide solutions.  
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Section 1 gives an introduction to pitting corrosion – a general overview, the 
different stages in pitting and ways to measure/determine pitting susceptibilities of 
stainless steels. Section 2 contains the literature review regarding the role of Mo in 
pitting resistance as well as the works done by various research groups on the pitting 
corrosion in chloride and bromide solutions. Section 3 introduces the various 
experimental aspects of this work, from the electrochemical techniques and setup to 
the characterization methods used. Section 4 focuses on the results and discussions. It 
is divided into three main parts – addressing the effects of temperature, electrolyte 
anion and electrolyte cation on the pitting behaviour of the stainless steels. Finally, 







3. EXPERIMENTAL DETAILS 
3.1 Samples and Solutions 
The study in this thesis is limited to four commonly specified commercial 
grades of stainless steels. The compositions of the austenitic AISI 304L, AISI 316L, 
duplex AISI 329 and super-austenitic 254 SMO are given in Table 3.1. AISI 304L is 
the most commonly used stainless steel, accounting for more than half of the stainless 
steel produced in the world. It is able to withstand ordinary corrosion in architecture 
and food processing environments. The second most commonly used stainless steel is 
the AISI 316L. It has mechanical, physical and fabrication characteristics similar to 
AISI 304L but is more corrosion resistant due to the addition of Mo. 254 SMO is a 
super-austenitic stainless steel, with a high Mo content giving it its superior corrosion 
resistivity. It is normally used in seawater and other aggressive chloride-containing 
environments. The duplex AISI 329 has a mixed microstructure of austenite and ferrite. 
The slightly lower corrosion resistance, compared to the super-austenitic stainless 
steels, is compensated by its higher strength and cost-effectiveness. Microstructure has 
not been explicitly proven to influence the pitting resistance and the comparison of the 
pitting performance of AISI 329 with the other austenitic stainless steels will confirm 
any correlation between microstructure and PREN. Considering the widespread 
practical applications of these stainless steels, this thesis will focus on the behaviours 
of these stainless steels in halide environments.   
Regular specimens (50mm by 10mm by 3mm) were used for the corrosion tests. 
In accordance with ASTM G61 Standards [82], specimens were wet-ground with 320-
grit SiC paper and wet polished with 600-grit SiC paper until coarse scratches were 
removed. The polished samples were ultrasonicated in ethanol, followed by water for 5 
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minutes each, rinsed thoroughly in distilled water (5-15MΩ∙cm at 25°C) and dried 
with N2 gas. Five electrolytes were used, 1M NaCl, 1M NaBr, 1M NaI, 1M LiBr and 
1M KBr. All solutions were prepared from analytical grade reagents and distilled 
water (Elix 5 UV Water Purification System from Millipore). The pH values of the 
five electrolytes were around 6. 











PREN Elements (wt %) 
    Mn Cr Ni Mo Fe 
304L S30403 1.4307 18.3 1.3 18.3 10.1 0 69.9 
316L S31603 1.4435 24.4 0.8 17.8 13.6 2.0 65.7 
329 S32900 1.4460 30.9 0.8 23.3 7.1 2.3 66.5 
254 SMO S31254 1.4547 38.2 0 20.0 22.6 5.5 51.7 
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3.2 Electrochemical Experiments 
3.2.1 Experimental Setup 
Electrochemical experiments were carried out in a three-electrode cell as 
shown in Figure 3.1. The working electrode was prepared and treated following the 
procedure described in Section 3.1. A graphite rod and Ag/AgCl (3.5M KCl) electrode 
were used as the counter and reference electrode respectively. The entire test cell was 
immersed in a controlled-temperature water bath and experiments were conducted 
under thermostated conditions at a desired temperature ranging between 3 and 90°C. 
The cell volume was kept constant at 200ml. At temperatures above 25°C, the 
potential of the Ag/AgCl (3.5M KCl) electrode with respect to the standard hydrogen 
electrode (SHE) varies according to: 
E = 205 – 0.73 × (T – 25°C)  (3.1) 
where E is in mV and T in degrees celsius. The potential values in this report had been 
corrected and given against the Ag/AgCl (3.5M KCl, 25°C) reference electrode 
(+0.205V against SHE). All electrochemical experiments were carried out using an 
ACM field machine DSP, which incorporates a potentiostat and a voltage sweep 






Figure 3.1 Electrochemical experimental setup, CE, WE and RE refer to 
counter, working and reference electrode respectively. 
22 
 
3.2.2 Cyclic Potentiodynamic Polarization  
The temperature of the cell solution was first brought to the required 
temperature (T ± 1°C) and maintained for 15 minutes before introducing the working 
electrode stainless steel specimen. After a delay time of 60 minutes, the open-circuit 
potential (OCP) was recorded and polarization was initiated. The potential of the 
working specimen was swept from -300mV with respect to the OCP, at a scan rate of 
10mV min
-1
. When the current density reached 0.1mA cm
-2
 i.e. the current limit, the 
scanning direction was reversed into the negative direction. The reverse scan was 
continued until the hysteresis loop closed. The pitting potential Ep was identified as the 
potential at which the current density exceeded 0.1mA cm
-2
 in the forward scan. The 
repassivation potential Er was determined as the potential where the reverse scan 
crossed the forward scan. Although every stainless sample was pre-treated in a similar 
manner (ground, polished and washed in accordance to the ASTM standards), 
differences in the finish quality and roughness will result in variations in the measured 
pitting potentials. Hence, each test was repeated at least thrice to obtain a statistical 
average and standard deviation.  
 
3.2.3 Potentiostatic Metastable Pitting Tests 
The experimental set-up for the potentiostatic metastable pitting test was 
similar to the potentiodynamic tests (Figure 3.1). The polished specimen was held at 
the required temperature for 10 minutes before polarization was initiated. Current 
readings were taken at a frequency of 10Hz, for a period of 1000 seconds. The 
potentiostatic test was used to study current-time relationships, while the sample is 
polarized at a pre-determined potential. Metastable pitting current transients were 
monitored to study metastable pitting and pit nucleation. Multiple potentiostatic tests 
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were carried out as different potentials so as to compile a statistical data for the 
purpose of determining pit initiation kinetics as a function of potential.  
 
3.3 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) was used to study the compositions of 
the passive oxide films on the stainless steels prior to pitting. Surface analysis by XPS 
involved irradiating a solid in vacuo with monochromatic x-rays and analyzing the 
electrons by energy. The incident photons interact with the atoms, causing electrons to 
be emitted by the photoelectric effect. While the path length of photons is in the order 
of micrometers, the mean free path length of electrons is in the order of angstroms and 
detected electrons typically originate from the top few atomic layers. This makes XPS 
a surface sensitive technique for chemical analysis.  Emitted electrons have measured 
kinetic energies given by 
KE = hν – BE – φs (3.2) 
where hν is the energy of the photon, BE is the binding energy of the atomic orbital 
from which the electron originates and φs is the spectrometer work-function. The 
spectrum thus obtained is a plot of the number of detected electrons per energy interval 
versus the binding energy (converted from the kinetic energy using equation 1). Since 
each element has a unique set of binding energies, it is possible to identify the detected 
elements. In addition, quantitative data can also be obtained from peak heights and 
areas. Identification of specific chemical states can also be made from exact 
measurement of peak positions and separations.  
In this project, XPS analysis was performed in a Kratos Asis Ultra
DLD
 machine 
with monochromatic Al Kα (1486.6eV) radiation on a scan area of 250 by 250 μm. The 
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photoelectron spectrum was calibrated with respect to C-1s electron peak at 284.6eV. 
Depth profiling of the surface was conducted using argon ions. Sputter time was 
converted into sputtered depth using Ta2O5 films for calibration and multiplying by a 
factor of 0.8. This factor correlated the relative sputter rate of passive films on stainless 
steel to Ta2O5 [83,84]. Electrodes used for surface analysis were mechanically polished 
and subjected to the following polarization steps: 
 1) polarize at -300mV for 30 minutes 
 2) swept to (Ep – 50mV), at a sweep rate of 10mV/min 
 3) held at (Ep – 50mV) for 30 minutes 
After removal from the cell, the samples were rinsed with distilled water, dried 
with N2 gas and stored under vacuum conditions to minimize any oxidation or 
contamination. Wide survey and high resolution spectra were taken for 304L, 316L, 
SMO and 329 stainless steels polarized in NaCl and NaBr at 22°C and 60°C. Peak 
identification was done in accordance to the Handbook of X-ray Photoelectron 
Spectroscopy [85]. 
 
3.4 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) was conducted to investigate the surface 
morphology of any inclusions and pits found on the sample surface. The compositions 
of the stainless steel samples as well as any inclusions found were analyzed with the 
Electron dispersive spectroscopy (EDX). Since SEM is a well-established technique, 
details regarding its operating principles and techniques will not be discussed here. 
The samples which were used to image inclusions were further wet-grind with 1200-
grit SiC paper and polished with alumina powder down to 0.1μm. 
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4. RESULTS AND DISCUSSIONS 
4.1 Effects of Temperature on Pitting Behaviour 
4.1.1 Pitting and Repassivation Characteristics 
The potentiodynamic polarization was conducted to investigate the pitting and 
repassivation characteristics of Type 304L, 316L, SMO and 329  stainless steels in 1M 
NaCl and 1M NaBr over the temperature range from 3 to 90°C. From Figures 4.1 to 
4.4, two different scenarios can be observed. In the first case, there is a gradual 
increase in current density until transpassive corrosion occurs at potentials greater than 
1000mV. The reversal of the anodic scan shows a retrace of the potentiodynamic loop, 
without any hysteresis. This behaviour is characteristic of the absence of pitting 
corrosion, with SMO in 1M NaCl at 3°C being a typical example. In the second 
scenario, there is a sudden and large increase in anodic current density to beyond 
0.1mA/cm
2
 at potentials below the transpassive/oxygen evolution region. A hysteresis 
loop is also observed when the scan is reversed in the negative direction, with 304L in 
1M NaCl at 60°C being a typical example. This kind of potentiodynamic polarization 
curve is characteristic of pitting corrosion and this was confirmed by SEM 
observations. Note that when the test solution was 1M NaI, there was only limited data 
from which to draw any conclusive temperature effect results. In this solution, pitting 
was not observed for types 329 and SMO stainless steels within the tested temperature 






Figure 4.2 Potentiodynamic cyclic polarization curves of 316L in (a) 1M NaBr and 
(b) 1M NaCl at 3, 22, 40, 60 and 80°C. 
Figure 4.3 Potentiodynamic cyclic polarization curves of SMO in (a) 1M NaBr and 













































































Figure 4.1 Potentiodynamic cyclic polarization curves of 304L in (a) 1M NaBr and 





































































































































































Pitting Ep and repassivation Er potentials extracted from the potentiodynamic 
curves at different temperatures are summarized and represented in Figures 4.5, 4.6 
and Table 4.1, With increasing solution temperature, Ep of the four types of stainless 
steels decreased. It is evident that pitting resistance decreased with increasing 
temperature. At higher temperatures, pitting potentials were lower, the current 
densities in the passive range were higher and this range was narrower – these results 
reflected degradation in the protective properties of the passive films. In addition, 
higher temperatures increase the solubility and diffusivity of ions and hence favoured 
the kinetics of corrosion reactions [56,59,86,87]. Intuitively, this would also likely 






Figure 4.4 Potentiodynamic cyclic polarization curves of 329 in (a) 1M NaBr and 






















































































































Figure 4.5 Influence of temperature on the pitting potentials Ep of 304L, 316L, 









Table 4.1 Summary of pitting Ep and repassivation Er potentials at 3, 22, 40, 60 and 
80°C for 304L, 316L, SMO and 329 stainless steels in 1M NaCl and 1M NaBr. 
  Ep (mV) Er (mV) 
  NaCl NaBr NaCl NaBr 
304L 
3 659.0 420.0 399.0 280.5 
22 329.0 318.3 -33.7 149.3 
40 107.5 250.3 -65 65.0 
60 27.5 213.7 -83.5 58.3 
80 -17.3 97 -117.0 -8.2 
316L 
3 No pitting 463.0 No pitting 311.0 
22 538.0 420.7 141.0 296.0 
40 253.3 345.7 135.0 205.0 
60 202.5 331.5 49.5 183.5 
80 55.0 300 15.4 162.5 
SMO 
3 No pitting No pitting No pitting No pitting 
22 No pitting No pitting No pitting No pitting 
40 No pitting 665.3 No pitting 448.3 
60 No pitting 555.0 No pitting 340 
80 485.0 390.0 169 256 
90 440.0 375.0 38.85 171 
329 
3 No pitting No pitting No pitting No pitting 
22 No pitting No pitting No pitting No pitting 
40 No pitting 597.5 No pitting 246.0 
60 431.5 514.0 247 225.5 
80 260.0 368.5 90.5 159 











































Figure 4.6 Influence of temperature on the repassivation potentials Er of 304L, 




However, as seen from Figures 4.7 (a) and (b), the increase in temperature did 
not lead to an appreciable decrease in the width of the hysteresis loop (Ep – Er). A 
smaller difference between Ep – Er would indicate that repassivation of the stable pit 
took place more easily. At higher temperatures, oxygen solubility in the solution 
decreases. This may have caused the repassivation process to become cathodically 
limited and ultimately, destabilized the passive film [69,88]. Blasco-Tamarit et al. 
stated that in general, increasing the solution temperature tended to favour the anodic 
dissolution of the metal in the active zone located within the interior of the pits [58]. 
This led to increased hydrolysis reaction and local acidification and ultimately 







It had been reported that with increasing temperature, the passive films formed 
on stainless steels became more porous [89,90]. Furthermore, at elevated temperatures, 
the chemisorption of chloride ions on the metal surface becomes stronger [91]. XPS 
results revealed the presence of Cl
-
 ions in the passive films formed at higher 
temperatures (see Section 4.1.4).  
  
Figure 4.7 Influence of temperature on the widths of the potentiodynamic cyclic 
polarization hysteresis loop (Ep – Er) of 304L, 316L, SMO and 329 in 
(a) 1M NaBr and (b) 1M NaCl. 
 



















































Figure 4.8 shows the change in the corrosion potential Ecorr with temperature. 
Regardless of the relatively large standard deviation of the results, a gradual declining 
trend of Ecorr with increasing temperature can be observed. According to Neville and 
Hodgkiess [92], the region between Ep and Ecorr represents the range of potentials in 
which the metal remains passive and indicates a tendency to nucleate pitting in the 








From Figure 4.9, it can be seen that with increasing temperature, Ep – Ecorr 
decreased. The rate of decrease in Ep – Ecorr is larger in chloride than in bromide 
solution, as well as with 329 and SMO compared to 304L and 316L. Bellezze et al. 
further defined the region between Er and Ecorr to be the perfect/stable passivity region 
[93]. Figure 4.10 shows a general declining trend of Er – Ecorr with increasing 
temperature. Between these values, pitting will not initiate and existing pits do not 
propagate. In line with the observation of decreasing pitting resistance with increasing 
temperature, the perfect/stable passivity region decreased as well.  
 














































Figure 4.8 Effect of temperature on the corrosion potentials Ecorr of 304L, 316L, 















In general, with increasing temperature, pitting resistance of the stainless steels 
decreased (the effects of temperature is more significant in chloride than in bromide 
solution, see Section 4.2.1). The alloys were more susceptible to pitting and general 
corrosion, as a result of faster chemical and electrochemical reactions, a lower oxygen 
solubility, faster diffusivity and mobility of ions and lastly, a more unstable protective 
film.  
  















































Figure 4.9 Effect of temperature on the passivity regions (Ep – Ecorr) of 304L, 316L, 
SMO and 329 in (a) 1M NaBr and (b) 1M NaCl.  
Figure 4.10 Effect of temperature on the stable passivity region (Er – Ecorr) of 304L, 
316L, SMO and 329 in (a) 1M NaBr and (b) 1M NaCl. 

















































4.1.2 Metastable Pitting 
As seen from Figures 4.1 to 4.4, prior to the pitting potential where a large 
steady increase in current signified the formation of a stable pit, small current 
transients/spikes were observed. These transients were due to pits which nucleated, 
grew for a time, and then stopped growing due to repassivation. Studies of these 
current transients should shed light on metastable pitting and initiation process of 
pitting corrosion [30,94]. 
Figures 4.11 and 4.12 show the current transient plots obtained from the 
polarization of 304L in NaBr at 22°C and 40°C. In both cases, a non-zero background 
current, which was due to passive film growth, decayed gradually with time [94]. 
Superimposed on this background current are many intermittent anodic current spikes. 
The noise level of the ACM field machine is 10nA and hence current spikes which lie 
within 10nA above or below the current mean are deemed to be fluctuation noise. In 
cases where the anodic current had shown a permanent rise with time (Figure 4.13), 

























Figure 4.11 Potentiostatic current transient plots of 304L in 1M NaBr at 22°C at 























Current spikes observed in the potentiostatic plots were either due to nucleation 
or metastable pitting events. A nucleation event (Figure 4.14) is depicted by a fast and 
steep current rise from background level and a fast but comparatively gentler drop to 
background level [30]. Nucleations represent the rupture and repassivation of the 
passive film and occur extremely rapidly [30,50,94]. In the potentiostatic tests carried 
Figure 4.12 Potentiostatic current transient plot of 304L in 1M NaBr at 40°C at 
150mV vs Ag/AgCl (3.5M KCl, 25°C). 















304L NaBr 40C 150mV
















Figure 4.13 Potentiostatic current transient plot of 304L in 1M NaBr at 22°C at 
300mV vs Ag/AgCl (3.5M KCl, 25°C). 
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out in this work, nucleation events, of type Figure 4.14, can be ruled out as the origin 
of the current spikes. Nucleation-type events are on the order of picoamperes, which 
are not only beyond the resolving power of the ACM field machine, but may also be 
obscured by the passive current. In addition, due to the data acquisition rate, no 










In general, the anodic current spikes in the potentiostatic plots (Figures 4.11 
and 4.12) have similar shapes and trends to that depicted in Figure 4.15. They begin 
with a slow stepwise rise from the background, and ending with a sharp rapid fall, 
typical of the current transients of metastable pits observed by Burstein et al. [30,95]. 
Compared to nucleations, metastable pits have larger current amplitudes and span over 
longer periods of time before repassivation.  
The rise in current denotes propagation while the sharp fall represents 
repassivation and the death of a pit. Pistorius and Burstein concluded that a critical 
concentration of metal chlorides is required for the formation of a salt film on the 
metal surface, which will in turn prevent growth of the passive film [50]. The stepwise 






increase in current indicates successive partial ruptures of the pit cover during 
metastability and thus an increase in the size of the total perforated area of the cover 
[47,50,87,95]. The diffusion of cations from the pit interior is thus increased, resulting 
in the larger current. The large increase in current prior to repassivation is an 
indication that this rupture of the cover caused dilution of the acidic pit anolyte such 











Figures 4.16 to 4.18 illustrate the effect of temperature on the metastable 
pitting of 316L, 329 and SMO in NaBr. With increasing temperature, the background 
current increased, in accordance with the increase in the current density in the passive 
region as observed from the potentiodynamic cyclic polarization curves (Figures 4.1 to 
4.4). According to Fick’s first law, the critical current density for passivation icrit (a 
function of temperature T and the metal ion concentration at the pit surface cs) is given 
as: 
Figure 4.15 Current transient of a metastable pitting event on 304L in 1M 
NaBr at 40°C at 150mV vs Ag/AgCl (3.5M KCl, 25°C). 



























cT,i sscrit   
(4.1) 
where n is the oxidation state of the cations produced by dissolution, F is Faraday’s 
constant 96485C mol
-1
, D is the diffusivity of the metal ions, cs is the metal ion 
concentration at the pit surface and δ is the diffusion length (e.g. pit depth) [96]. Given 
that the most concentrated solution in the pit would be the saturation concentration of 
the metal ions, which increases with temperature, and that D increases with 
temperature, icrit must increase with increasing temperature. 
In the cases of 316L and 329, the number of metastable pitting current 
transients did not noticeably increase at higher temperatures. However, in SMO, the 
number of metastable pits was much higher at 80°C than at 22°C. This suggests that 
the number of potential nucleation/metastable pitting sites do not necessarily increase 
with temperature. Increasing the temperature did not increase the probability of 
generating pitting sites. Rather, temperature had a greater effect on the lifetime of a pit. 
As seen from the insets in Figures 4.16 and 4.17, the width of the current transients 
increased with temperature. Closer observation of the current transient peaks showed 
that temperature had a more pronounced effect on the propagation / growth (current 
rise) than the death / repassivation of the metastable pit. The period of pit growth 
increased with temperature, resulting in the total pit lifetime increasing. This is in 
agreement with Figures 4.5 and 4.6 which show that for stable pits, changes in 
temperature has a greater effect on the pitting potential Ep compared to the 
























Figure 4.16 Potentiostatic current transient plots of 316L in 1M NaBr at 200mV vs 
Ag/AgCl (3.5M KCl, 25°C) at 22, 40, 60 and 80°C (from bottom to top). 
Inset shows the current transients from 65 to 100 seconds. The plot of 
80°C has been truncated as after 500s, there was a large steady increase 
in current until more than 0.1mA, indicative that stable pitting had 
occurred. The larger scale on the current axis means that the smaller 
transients at 22°C are less easily distinguished.  
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Figure 4.17 Potentiostatic current transient plots of 329 in 1M NaBr at 
300mV vs Ag/AgCl (3.5M KCl, 25°C) at 40, 60 and 80°C 
(from bottom to top). Inset shows the current transients from 
625 to 685 seconds.  













Assuming a hemispherical pit and 100% efficiency using Faraday’s law, the 
radii of the metastable pits can be calculated, from the total charge passed. The density 
and molar mass of stainless steels are approximately 7.9Mg m
-3
 and 55.4g mol
-1
 
respectively, the calculated average oxidation state of the cations produced by 
dissolution is 2.2, and Faraday’s constant is 96485C mol-1 [47,97]. The total amount of 
charge passed can be obtained from the area of the current transient peak. For a 
qualitative analysis, the calculated metastable pit sizes of 304L, 316L, SMO and 329 in 
NaBr for at least three separate current transients are summarized in Table 4.2. As seen, 
an increase in temperature tended to lead to an increase in the average and maximum 
metastable pit size. At higher temperatures, the pits were able to grow to larger sizes 
and for longer periods of time, before repassivation took place. This shows that an 
increase in temperature favours the anodic dissolution process, by increasing the 
reaction and ion diffusivity rates, making it harder for the repassivation process to 
occur; supporting the observations made in Section 4.1.1.  





















Figure 4.18 Potentiostatic current transient plots of SMO in 1M NaBr at 
400mV vs Ag/AgCl (3.5M KCl, 25°C) at 40, 60 and 80°C 
(from bottom to top).  
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Table 4.2 Metastable pit radii and pit stability products calculated from the charge 
passed in the metastable pitting  events for 304L (50mV), 316L (200mV), 
SMO (400mV) and 329 (300mV) in 1M NaBr at 22, 40, 60 and 80°C. A 
hemispheric pit geometry was assumed. Potentials are quoted with respect to 
Ag/AgCl (3.5M KCl, 25°C). 






metastable pit radii 
(μm) 
Average calculated 







304L 22 1.26 – 1.76 1.51 0.75 
50mV 40 0.90 – 4.06 2.59 0.27 
 60 2.56 – 6.97 4.77 0.95 
 80 0.87 – 5.72 2.96 2.61 
316L 22 0.97 – 1.64 1.30 1.06 
200mV 40 1.85 – 2.49 2.19 3.36 
 60 2.59 – 5.86 3.85 6.58 
 80 3.3 – 11.00 7.04 7.82 
SMO 40 0.65 – 1.17 0.91 0.51 
400mV 60 0.44 – 0.97 0.76 0.61 
 80 3.25 – 4.77 4.85 8.77 
329 40 1.09 – 3.40 2.53 1.44 
300mV 60 1.25 – 2.30 1.60 2.14 
 80 1.1 – 8.24 3.53 5.85 
 
Pistorius and Burstein introduced the concept of Pit Stability Product (i·a), the 
product of the pit radius (a) and its dissolution current density (i) [47,50]. Table 4.2 
shows that the pit stability products of the metastable pits increased with increasing 










where i is the pit current density, a is the pit radius, ΔC is the concentration difference 
between the interior surface of the pit and the bulk solution far away from the pit 
(assuming that metal cation concentration in the bulk solution is zero, ΔC would be the 
surface concentration), z is the average oxidation state of the cations, F is the Faraday 
constant and D is the diffusion coefficient of the metal cations in the solution. For 
sustained pit growth, ΔC must be greater than ca. 75-80% of saturation of the halide 
salt. Hence at higher temperatures, since both diffusivity of ions and the solubility of 
the salt film are higher, the critical pit stability product for stable pit growth increases 
as well [87]. This is in line with the trend of increasing pit stability product with 
temperature, as shown in Table 4.2.   
  Figure 4.19 shows the changes in the pit stability product against time for a 
single metastable pitting event on the 304L stainless steel in NaCl at 22°C. It can be 
seen that the pit stability product follows a step-wise increase, reaches a maximum at 
2.2mA cm
-1


























Figure 4.19 Analysis of the pit stability product against time for a single 
metastable pitting event on 304L stainless steel in 1M NaCl at 
22°C at 250mV vs Ag/AgCl (3.5M KCl).  
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Pistorius and Burstein previously reported that stable pit growth on 304L stainless steel 
in chloride solution at ambient temperatures requires the pit stability product to exceed 
a critical value of 3mA cm
-1
 [47]. Because this value is never exceeded in Figure 4.19 
the observed pit repassivation is consistent with the reported critical value. Besides 
temperature, the pit stability product is also dependent on the composition of the 
stainless steel. The critical pit stability products at different temperatures and for the 
stainless steels 316L, SMO and 329 have not been reported in current literature. 
However, it can be deduced that their critical pit stability products are higher than 
those listed in Table 4.2; i.e. repassivation occurred in these cases so by definition their 
pit stability products must have been below the critical value. As Table 4.2 only shows 
possible minimum values for the critical pit stability product, it is difficult to draw 
conclusions about possible trends. Nevertheless the following preliminary conclusions 
can be drawn: 
 In all cases, the pit stability product increases with temperature. 
 Grade 316L has a higher pit stability product than 304L. 
 At 80°C (where all the grades easily pit), the 316L, 329 and SMO (with higher 
PREN grades than 304L) have critical pit stability products much greater than 
the value of 3.0mA cm
-1
 previously reported for grade 304L. 
The lack of clear trends in the pit stability products across the different 
stainless steel grades might also be due to the variations in compositions of more than 
one alloying element. Furthermore, although in this work the size of the stable pits 
could be obtained from SEM measurements, the current density of a single stable 
propagating pit cannot be obtained from potentiodynamic or potentiostatic current 
plots. That is, it is not possible to determine if the current measured in the 
electrochemical experiments comes from a single or several propagating pits.  
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4.1.3 SEM Imaging 
MnS-rich inclusions on stainless steels have been identified as one of the main 
chemical inhomogeneities causing pitting corrosion. Figure 4.20 shows images of 
inclusions found on 304L and 316L stainless steels. The inclusions were uniformly 
distributed across the surface and were either elliptical or circular in shape, with a 
diameter ranging from 100 to 500nm. EDX analysis revealed that compared to the bulk 
composition, these inclusions were highly rich in MnS. The range of compositions of 
the inclusions is given in Table 4.3. MnS-rich inclusions were not identified on SMO 
and 329. However as pitting still took place in 329 and SMO, it can be concluded that 
either the MnS-inclusions on these alloys are too small to be observed under the SEM 





















Table 4.3 Compositions of typical sulphide inclusions found on 304L and 316L. 
 
Stable pits formed at room temperature and 80°C on the stainless steel samples 
were examined under the scanning electron microscope. Pits were found to be 
uniformly distributed over the sample surface, without any observable increase in 
intensity at the edges of the samples. Figure 4.21 shows images of pits formed on 
various stainless steels at 80°C. The pit shape ranged from almost hemispherical for 












Mn S C Si Cr Ni 
Weight % 9.3 – 12.3 3.1 – 4.6 2.9 – 11.4 0.3 – 0.4 19.6 – 19.7 5.8 – 6.9 
Figure 4.21 SEM micrographs of (a) 304L, (b) 316L, (c) SMO and (d) 329 stainless steels 
after pitting corrosion had taken place in 1M NaCl at 80°C. 
(a) 304L (b) 316L 
(c) SMO (d) 329 
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The range of pit sizes is summarized in Table 4.4 as determined from the SEM 
images. Although there was a wide range in pit sizes formed on each stainless steel at 
22 and 80°C respectively, it can be observed that stable pits formed at a higher 
temperature tended to be slightly larger in size. As explained in Section 4.1.2, the 
critical pit stability product is expected to be higher at higher temperatures [87]. This 
would result in either a higher current density or larger pits. From Figures 4.1 and 4.2, 
the pit current density at Ep at 80°C was not appreciably higher than at 22°C. Thus, in 
order to achieve the critical pit stability product, the stable pit size would have to be 
larger. 
Table 4.4 Range of pit sizes (at least 10 different pits) on 304L, 316L, SMO and 329 
stainless steels after pitting (if any) had occurred at 22 and 80°C in 1M NaCl 
and 1M NaBr. 
 
There were two kinds of pits observed: the larger pits were non-circular in 
shape with an incomplete lacy metal cover (Figure 4.22) and the smaller pits which 
were of an open-type circular structure. It has been suggested that during growth, 
metastable pits are covered by a perforated cover over the pit mouth, a remnant of the 
passive film [5,46,47,50]. The cap provides an extra barrier to diffusion; it impedes 
easy escape of Fe
2+
, but is sufficiently porous to permit migration of Cl
-
 into the pit, 
therefore being able to sustain a concentrated aggressive environment in the pit. With 
 
 
 1M NaCl 1M NaBr 
  22°C 80°C 22°C 80°C 
Pit Size 
(μm) 
304L 28.7 – 39.0 30.1 – 50.2 25.4 – 41.2 32.5 – 45.7 
316L 21.7 – 40.8 28.9 – 37.4 25.3 – 40.1 22.9 – 44.9 
SMO – 8.5 – 19.1 – 18.8 – 28.3 
329 – 19.9 – 30.5 – 21.0 – 35.6 
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the complete rupture of the cover resulting in open-type pits, pit stability is 
compromised as the pit contents become diluted, leading to repassivation. However, 
pit stability can still be achieved if the pit depth itself is of sufficient size to act as a 
diffusion barrier to maintain an aggressive enough environment at its base to prevent 
repassivation [46]. This suggests that the open-type pits observed under SEM were 
able to maintain stability due to their sufficiently large depth while the larger pits were 











Figure 4.22 Pit with incomplete lacy cover formed on 304L stainless steel at 80°C in 




4.1.4 Studies on Passive Film – XPS 
The XPS depth profiles of the passive films formed prior to pitting were 
measured. Table 4.5 lists the formation potentials until which the stainless steel 
samples were polarized before the XPS measurements. In Section 4.1.1, it was 
mentioned that it had previously been reported that the passive films formed at higher 
temperatures were more porous. The high resolution XPS spectra (Figures 4.23 and 
4.24) reveal a low intensity Cl 2p peak on the surface and at a depth of 0.6nm. With 
increasing depth, it is observed that the intensity of the peaks at 199 and 201eV 
decreased. This suggests the presence of Cl in 304L and 316L prior to pitting at 60°C.  
Table 4.5 Formation potentials of the potentiodynamic polarization tests prior to XPS 
measurements (*SMO did not pit at 60°C, hence XPS spectrum was taken for 
the sample at 80°C) 
 Formation potentials (eV) 
 22°C 60°C 
 1M NaCl 1M NaBr 1M NaCl 1M NaBr 
304L 250 250 0 150 
316L 450 400 150 300 
SMO 600 600 400 (*80°C) 500 
























No Cl was detected with 329 stainless steel at 60°C, nor in grade SMO at 80°C 
(pitting was not observed for SMO in NaCl at 60°C, hence XPS spectrums were only 
taken at 80°C). For SMO and 329, no pitting was observed in NaCl and NaBr at 22°C. 
Hence, SMO and 329 were polarized to 600eV and 550eV respectively, 50eV lower 
than the highest pitting potential observed in these alloys. No Cl was detected in any of 
the samples at 22°C. 
Figure 4.24 XPS high resolution Cl 2p spectrum for 316L in 60°C 1M NaCl on 
the surface and at a depth of 0.6, 1.2, 1.8 and 2.4nm. 














































Figure 4.23 XPS high resolution Cl 2p spectrum for 304L in 60°C 1M NaCl on 





The presence of Cl would have compromised the integrity and protective 
properties of the passive films. A possible mechanism for pit initiation is the field-
driven migration of the halide ion across the passive film where a metal halide forms 
[30]. Considering that the molar volume of the metal chloride is larger than that of the 
metal or metal oxide (Table 4.6), an internal pressure builds up within the passive film. 
This ultimately leads to the mechanical rupture of the oxide film on attainment of a 
critical volume that is able to exert enough pressure [30]. At higher temperatures, in 
addition to the higher porosity of the passive films, the diffusivity and mobility of ions 
are also higher, thus explaining the presence of Cl in the passive films of 304L and 
316L at 60°C.  
Table 4.6 Molar volumes of iron and chromium and their respective chlorides and 
oxides. The molar volumes are in cm3 per mole of metal atoms or ions [98]. 













The XPS spectra and trends for 316L and 329 are similar to that of 304L and SMO, 
hence only graphs of 304L and SMO are shown here in Figures 4.25 to 4.29. Essential 
features of the XPS spectra include: 
1) For all samples at 22°C and 60°C, a weak Fe(III) signal was detected on the 
surface of the stainless steels. This peak was stronger at 60°C as well as in the 
super austenitic SMO and super duplex 329 stainless steels. At the same time, a 
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hydroxide peak was measured on the surface of all samples at 22°C and 60°C 
As there is a co-existence of Fe(III) and Cr(III) signals in the surface scan, the 
top outermost layer of the passive film may be Fe(OH)3, Cr(OH)3 or a mixture 
of both. This formation of the hydroxide became more evident at higher 
temperatures. 
2) At a depth of 0.6nm, a relatively wide peak in the range of 709-711eV was 
detected. This was caused by the overlap of the Fe(II) and Fe(III) peaks. In this 
spectrum, there is no obvious hydroxide peak; however there is the possibility 
that the intensity of the hydroxide peak might be low such that it is hidden 
within the oxide peak. The Cr(III) peak is still present. Therefore, beneath the 
outer hydroxide layer, there appears to be a mixed oxide layer of Fe(II), Fe(III) 
and Cr(III). Photocurrent data by Wijesinghe and Blackwood suggests the 
existence of an iron chrome (FeCr2O4) spinel structure [99]. 
3) For 304L and 316L at 22°C and 60°C in NaBr, the majority of Fe detected at a 
depth of 1.2nm existed in the metallic state. This was also the case for SMO 
and 329 at 22°C. However, at 60°C, the Fe(II) peaks in SMO and 329 were still 
relatively significant at a depth of 1.8nm.  
4) For all samples at 22°C and 60°C, a weak Cr(III) signal was detected on the 
surface of the stainless steels. The intensity of the Cr(III) peak increased and 
remained constant with depth up till 1.8nm, where the intensity started to drop. 
While the outermost layer was rich in iron oxides, the inner depth of the oxide 
layer was predominantly rich in chrome oxides, likely Cr2O3. This is consistent 
with earlier works done by various authors who suggest that the passive film 




5) For all samples at 22°C and 60°C, with increasing depth, the Cr(0) peak 
increased in intensity. At a lower temperature of 22°C, the Cr(0) peak became 
more dominant than the Cr(III) peak at 2.4nm; while at 60°C, the Cr(III) peak 
was still more dominant at 2.4nm. This indicated a thicker oxide film being 
formed at 60°C than at lower temperature. 
 
  
Figure 4.25 XPS high resolution (a) Fe 2p and (b) Cr 2p spectra of the passive film formed 
on 304L stainless steel in 1M NaBr at 22°C (surface, 0.6, 1.2, 1.8 and 2.4nm). 
Arrow indicates increasing depth into the stainless steel.  
Figure 4.26 XPS high resolution (a) Fe 2p and (b) Cr 2p spectra of the passive film formed 
on 304L stainless steel in 1M NaBr at 60°C (surface, 0.6, 1.2, 1.8 and 2.4nm). 
Arrow indicates increasing depth into the stainless steel. 






























































































































Figure 4.27 XPS high resolution (a) Fe 2p and (b) Cr 2p spectra of the passive film 
formed on SMO stainless steel in NaBr at 22°C (surface, 0.6, 1.2, 1.8 and 
2.4nm). Arrow indicates increasing depth into the stainless steel. 
Figure 4.28 XPS high resolution (a) Fe 2p and (b) Cr 2p spectra of the passive film formed 
on SMO stainless steel in 1M NaBr at 60°C (surface, 0.6, 1.2, 1.8 and 2.4nm). 
Arrow indicates increasing depth into the stainless steel. 
Figure 4.29 XPS high resolution O 1s spectra of the passive films formed on (a) 304L and 
(b) SMO in 1M NaBr at 60°C (surface, 0.6, 1.2, 1.8 and 2.4nm). Arrow 
























































































































































In summary the XPS data indicate that in general, the passive films formed on 
the stainless steels had the following common structure: a surface hydroxide-oxide 
layer, followed by a mixed iron-chromium oxide layer (the co-existence of the Fe(II), 
Cr(III) and O peaks may also indicate the presence of a spinel FeCr2O4) and a thick 
layer of Cr2O3. From the XPS compositional depth profile, the thickness of the passive 
oxide films can be estimated in a few ways [84,103,104]. The bulk of the stainless 
steel consists of Fe while the passive film was shown to be made up of a mixture of 
metallic oxides. As the concentration of oxygen decreases and the concentration of 
metallic iron increases, a common way to estimate the passive film thickness is to 
determine the intersection of the concentration profiles of the O 1s and the metallic Fe 







In this work, the main aim of carrying out XPS analysis is the probing of the 
oxidation states and compositions of the alloying elements in the stainless steels just 
before pitting corrosion occurs. Hence, for different samples at different temperatures, 
the passive films were grown to different formation potentials. The passive film has 
been found to increase linearly with applied potential [38,106,107]. It was also 
reported that an increase in temperature led to an increase in passive film thickness 


























Figure 4.30 Concentration profiles of Fe and O of SMO in 1M NaBr at 60°C. 
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[89,108]. The fact that the passive films at higher temperatures were grown to lower 
potentials (Table 4.5) resulted in an inconsistent trend shown in Table 4.7. 
Nevertheless, comparing the passive film thicknesses with the pitting resistivities of 
the stainless steels alloys, it can also be concluded that the thickness of the passive film 
is not an influential role in pitting corrosion. 
Table 4.7 Thickness of passive films grown in 1M NaBr and 1M NaCl at 22 and 60°C as 
determined by XPS depth profiling (*SMO did not pit at 60°C in 1M NaCl, 
hence XPS spectrum was taken for the sample at 80°C). 
 
Thickness of passive film grown in 
1M NaBr (nm) 
Thickness of passive film grown in 
1M NaCl (nm) 
 22°C 60°C 22°C 60°C 
304L 1.1 1.2 2.5 1.3 
316L 1.2 1.1 1.7 1.3 
SMO 1.3 2.1 1.6 *4.9 
329 1.03 3.5 1.4 1.9 
 
 The depth profiles of the major alloying metallic elements in 304L and SMO 
are shown in Figures 4.31 and 4.32. Temperature did not have a strong influence on 
the compositional depth profiles of the major alloying elements. In contrast to Fe and 
Cr that were found in oxidation states of +2 (Fe
2+




), Ni and Mn 









Figure 4.31 XPS compositional depth profiles of the major metallic alloying elements 
(Fe, Ni, Cr, Mn) in 304L in 1M NaBr at (a) 22°C and (b) 60°C. 

























































Figure 4.32 XPS Compositional depth profiles of the major metallic alloying 
elements (Fe, Ni, Cr, Mo) in SMO in 1M NaBr at (a) 22°C and (b) 60°C. 
 


























































4.2 Effects of Electrolyte Anion on Pitting Behaviour 
4.2.1 Pitting and Repassivation Characteristics 
Pitting potentials Ep for 304L, 316L, SMO and 329 in NaCl, NaBr and NaI 
from 3°C to 80°C have been extracted from the potentiodynamic polarization curves in 
Figures 4.1 to 4.4 and summarized in Figures 4.33(a) to (d). Both SMO and 329 did 
not pit in NaI within the range of temperatures tested. For 316L, pitting corrosion in 

























































































Figure 4.33 Summary of pitting potentials Ep against temperature for (a) 304L, (b) 316L, 
  (c) SMO and (d) 329 stainless steels in 1M NaCl, 1M NaBr and 1M NaI.  The 
  data in Figure 4.33 is similar to Figure 4.5, however the values have been re-
  plotted with a different legend.  
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Figure 4.33(a) shows that at a low temperature of 3°C, the pitting resistance of 
304L is higher in chloride than either bromide or iodide solution. As the temperature 
increased to 22°C, pitting resistances in both chloride and bromide solutions are 
similar, and at 40°C and above, the pitting resistances of 304L has switched to become 
higher in bromide than chloride solution. Similarly, in Figure 4.33(b), at 22°C and 
below, 316L resists pitting corrosion better in chloride than bromide, while the reverse 
order is observed at 40°C and above. In the case of 329, pitting corrosion is observed 
at 40°C in NaBr, but not in NaCl. However, at 60°C, the pitting resistance of 329 is 
lower in NaCl than in NaBr.  
It thus becomes evident that for each grade of stainless steel, there is a cross-
over temperature Tc, where below Tc pitting resistance is higher in chloride solution, 
and above Tc pitting resistance is higher in bromide solution. Tc can be evaluated by 
first fitting temperature dependent Ep curves for NaCl and NaBr and identifying the 
intersection point between the two curves as Tc. From Figures 4.33(a) to (d), Tc can be 
estimated as 22°C for 304L, 32°C for 316L and 52°C for 329. No cross-over 
temperature is observed for SMO within the range of 3°C to 90°C, although it may 
well exist beyond 100°C. It is evident that this cross-over temperature increases with 
the PREN of the stainless steel, regardless of whether it is a duplex or an austenitic 
grade. Furthermore, given that the stronger temperature dependence trend in chloride 
compared to bromide solution was observed for all the stainless steels including 304L, 
it can be concluded that the presence of Mo is not involved in these trends.  
Figures 4.33(a) and (b) reveal a stronger pitting potential-temperature 
dependence relationship for 304L and 316L in chloride compared to bromide solutions. 
In bromide solution, the pitting potential Ep follows an almost linear, or 2
nd
 order 
polynomial, relationship with temperature. In contrast, in chloride solution, the pitting 
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potential follows an almost exponential relationship with temperature. The higher 
pitting resistances of SMO and 329 meant that there is insufficient data to determine 
their temperature dependences in the chloride solution. However, from Table 4.1, it 
can be seen that over the same temperature range, the rate of change in pitting 
potentials Ep with temperature is more pronounced in chloride than in bromide 
solutions. This difference in temperature dependence in chloride and bromide solutions 
would explain the existence of the cross-over temperature Tc.  
Figures 4.34 and 4.35 reveal a stronger repassivation potential-temperature 
dependence relationship in chloride compared to bromide solution, similar to the case 
of the pitting potential. Since this stronger temperature dependence in chloride solution 
was observed for all the four stainless steels, it is established that the existence of these 















Figure 4.34 Summary of repassivation potentials Er against temperature for (a) 304L 
and (b) 316L in 1M NaCl and 1M NaBr. 








































   
 
 
One possible explanation for the difference in temperature dependence 
behaviours in chloride and bromide solutions is that it is related to the effect of 
temperature on the solubilities of iron chloride and bromide. However, Figure 4.36 
shows that the solubilities of the iron bromide and chloride salts are within 10% of 
each other and that they share relatively similar temperature dependence trends. Hence 








Figure 4.35 Summary of repassivation potentials Er against temperature for (a) SMO 
and (b) 329 stainless steels in 1M NaCl and 1M NaBr. 






























Figure 4.36 Solubility of FeBr2 and FeCl2 with temperature [109,110]. 





































The different pitting potential-temperature relationships in chloride and 
bromide solutions (exponential versus linear) may be an indication of different rate-
determining steps in the pitting process. In Section 2.2, it was mentioned that Carroll 
and Lynskey discovered that the surface pre-treatments (to remove the inclusions) of 
316L had a greater effect in increasing the pitting potentials in chloride compared to 
bromide solutions and postulated that the chloride ion had a greater tendency to adsorb 
at the surface inclusions [76]. Kaneko and Senuma also showed that austenitic 
stainless steels with higher S and Mn contents were more susceptible to pitting in 
chloride solutions, while those with lower contents were more susceptible to pitting in 
bromide solutions [110]. Passivation treatments by nitric acid of the alloys with lower 
Mn and S contents further resulted in a larger increase in pitting potentials in bromide 
than chloride. Hence, Kaneko and Senuma concluded that pitting corrosion due to 
MnS inclusions occur easier in chloride than bromide solutions while pitting corrosion 
due to breakdown of passive film occurs easier in bromide than chloride solutions 
[111]. In this present work, it is likely that the difference in pitting potential-
temperature relationships in chloride and bromide solutions is due to different rate-




4.2.2 Metastable Pitting 
As seen in Section 4.2.1, the pitting potential of 316L is higher in NaCl at 22°C, 
but at 80°C, it is higher in NaBr. From the potentiostatic curves (Figure 4.37) 
measured at 400mV at 22°C and at 0mV at 80°C, it appears that a lower Ep does not 
equate to higher metastable pitting activity. At 22°C, although 316L pitted at a higher 
potential in chloride than in bromide solutions, higher metastable pitting activity (at 
the same applied potential) was measured in the former – the number, widths and 
heights of the current transients were much larger in NaCl. At 80°C, the number, width 

















Figure 4.2 Potentiostatic current transient plots of 316L in 1M NaBr and 1M 
NaCl at (a) 22°C, 400mV (upper curve: NaCl) and (b) 80°C, 0mV 
(upper curve: NaBr). Potentials are quoted against Ag/AgCl (3.5M 
KCl, 25°C). 




































Figure 4.38 shows the potentiostatic curves for 304L measured at 3°C and at an 
applied potential of 300mV in both chloride and bromide solutions. These show a 
similar case to the 316L with more metastable pitting activity being recorded in 
chloride solution even though the pitting potential Ep is at least 200mV higher than that 









However, in the case of the 329 stainless steel, even though the pitting potential 
at 80°C was higher in NaBr by 100mV, the metastable pitting activity was comparable 
in both chloride and bromide solutions. Figure 4.39 shows that there is an equal spread 
of current transients in the two solutions, both for sharp transients with lifetimes of less 
than a second and long-lived events lasting a few seconds. For SMO (Figure 4.40), the 
number of measured current transients was too small to draw an indicative difference 
between the effects of chloride and bromide solution. It can however be concluded that, 
regardless of the halide ion used, the extent of metastable pitting activity at 80
o
C 
increases in the following order: SMO < 329 < 316L < 304L, in line with the order of 
pitting potentials Ep.  


















Figure 4.38 Potentiostatic current transient plots of 304L in 1M 
NaBr (top) and 1M NaCl (bottom) at 3°C and 300mV vs 


















The difference in metastable pitting activity in chloride and bromide solutions 
cannot be solely attributed to the different pitting potentials Ep and pitting resistances. 
Rather, in 304L and 316L, regardless of the magnitude of the pitting potential Ep, 
metastable pitting activity is always higher in chloride solutions. However, in 329 and 
SMO, metastable pitting activities in both solutions are comparable. This may be a 
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Figure 4.40 Potentiostatic current transient plot of SMO in 1M NaBr (top) 
and 1M NaCl (bottom) at 80°C, 350mV vs Ag/AgCl (3.5M 
KCl, 25°C). 
Figure 4.39 Potentiostatic current transient plots of 329 in 1M NaBr and 1M NaCl 
at 80°C, 200mV vs Ag/AgCl (3.5M KCl, 25°C) from (a) 0 to 1000s, (b) 
63.5 to 77.5s and (c) 350 to 420s. 
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result of the different rate-determining pitting mechanisms in chloride and bromide 
solutions. As suggested in Section 4.2.1, pitting corrosion due to MnS inclusions occur 
easier in chloride than bromide solutions while pitting corrosion due to breakdown of 
passive film occurs easier in bromide than chloride solutions. Larger and a greater 
number of MnS-rich inclusions are found on 304L and 316L than on the 329 and SMO 
grades (Section 4.1.3). Therefore, the observation that the metastable pitting activities 
of 304L and 316L are always higher in chloride than bromide supports the notion that 
chloride is more efficient than bromide in promoting the dissolution of inclusions, but 
this process alone is insufficient to cause stable pit growth. In the case of 329 and 
SMO, the lack of inclusions accounts for the lower number of metastable pitting events 
observed with both halide ions. A point to acknowledge is that if MnS inclusions are 
hardly relevant for the pitting of 329 and SMO, the existence of the cross-over 
temperature Tc would not be valid for these two stainless steels. More studies on the 
role of inclusions (size and number) in pitting corrosion needs to be carried out to 
affirm the initial hypothesis.    
The metastable pit sizes in chloride and bromide solutions were calculated (as 
explained in Section 4.1.2) and tabulated in Table 4.8. The maximum heights of the 
current transients were typically higher in chloride solutions, hence resulting in the 







Table 4.8 Calculated metastable pit sizes of 304L (0mV, 60°C), 316L (400mV, 22°C), 
SMO (350mV, 80°C) and 329 (200mV, 80°C) in 1M NaBr and 1M NaCl. The 
potentials and temperatures were specifically chosen such that the stainless 
steels samples exhibited metastable pitting in both solutions.  






































4.2.3 SEM Imaging 
SEM observations revealed that pits formed in bromide and chloride solutions 
exhibited the same patterns, with the smaller pits being of slightly hemispherical and 
the larger pits of irregular shape (Figures 4.22 and 4.41). The average sizes of pits 
observed under the SEM are given in Table 4.3, but this reveals no obvious differences 
for 304L, 316L and 329 in chloride and bromide solutions. The only exception is in 
SMO at 80°C where the size of the pits formed in bromide solution are noticeably 
larger than those formed in chloride solution. The higher solubility of FeBr2 compared 
to FeCl2 suggests that the critical pit stability product is higher in bromide than in 
chloride solutions. As seen from the potentiodynamic cyclic polarization curve for 
SMO at 80°C (Figure 4.42), the current density at Ep in bromide solution reached a 
maximum of 0.6mA/cm
2
, which is close to twice of that in chloride solution 
(0.35mA/cm
2
). A larger pit radii/depth in bromide solution might also be required to 
achieve the larger critical pit stability product. In addition, taking into account that the 




 are 0.188nm and 0.172nm respectively [109], the larger molar 
volume of bromides over chlorides could also lead to a larger mechanical rupture of 
































































Figure 4.4 Potentiodynamic cyclic polarization curve of SMO at 80°C in 1M 
NaCl and 1M NaBr, retrieved from Figure 4.3. 
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4.2.4 Studies on Passive Film – XPS 
Figures 4.43 to 4.48 show XPS high resolution O 1s, Fe 2p, Cr 2p peaks of 
316L and 329 in bromide and chloride solutions at 60°C. XPS studies for SMO (Figure 
4.48) in NaCl were performed at 80°C as no pitting was observed at 60°C. As 
mentioned in Section 4.1.4, chloride was detected in the XPS spectra for 304L and 
316L in NaCl at 60°C. However, no bromide was detected in any of the samples at 
room temperature or 60°C. This may simply indicate an absence of bromide in the 
passive film or if any bromide was present, the amount was below the detection limit 
of 0.1at% for the XPS system. The 304L stainless steel displayed similar XPS spectra 
and trends to 316L, except that it did not contain any molybdenum. Some essential 
features of the XPS peaks include:    
1) For 316L (and also 304L), the Fe 2p and Cr 2p spectra do not differ 
significantly in chloride from bromide solutions. Judging from the ratio of the 
Cr(0) and Cr(III) peaks, the Cr2O3 layer formed in bromide solution is thinner 
than that formed in chloride solution. This thinner oxide layer in bromide 
solution did not compromise the pitting resistance of 316L as reflected from the 
higher pitting potential obtained in bromide compared to chloride solution at 
60°C.  
2) The reverse scenario was observed for the 329 stainless steel. In bromide 
solution, a strong Fe(II) peak with respect to the Fe(0) peak was maintained 
even at a sputtering depth of 2.4nm. This indicates the formation of a thicker 
iron oxide layer in bromide solution. 
3) In addition to the stronger Fe(II) peaks, a thicker Cr(III) oxide layer was also 
formed on the 329 stainless steel in bromide solution. As seen from Figure 4.42, 
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in chloride solution, a weak Cr(0) shoulder peak started to emerge at a depth of 
0.6nm. In bromide solution, this weak shoulder was only visible at 1.8nm.  
4) For all samples in chloride and bromide solution, a hydroxide peak was 
detected on the surface scan (Figure 4.43). The co-existence of Fe(III) and 
Cr(III) signals in the surface scan suggests that the top outermost layer of the 
passive film may be Fe(OH)3, Cr(OH)3 or a mixture of both.  
5) There were no Fe or Cr metallic peaks in the XPS high resolution Fe 2p and Cr 
2p spectra for SMO in NaCl at 80°C, thus showing that X-rays were still 
probing the passive layer. For the passive film on SMO grown in NaBr, Fe and 












Figure 4.5 XPS high resolution O 1s spectra of the passive film formed on 316L 
stainless steel in (a) 1M NaBr and (b) 1M NaCl at 60°C (surface, 0.6, 1.2, 







































































































































































































































Figure 4.6 XPS high resolution Cr 2p spectra of the passive film formed on 316 
stainless steel in (a) 1M NaBr and (b) 1M NaCl at 60°C (surface, 0.6, 1.2, 
1.8 and 2.4nm). Arrow indicates increasing depth into the stainless steel. 
Figure 4.46 XPS high resolution Fe 2p spectra of the passive film formed on 329 
stainless steel in (a) 1M NaBr and (b) 1M NaCl at 60°C (surface, 0.6, 
1.2, 1.8 and 2.4nm). Arrow indicates increasing depth into the stainless 
steel. 
 
Figure 4.44 XPS high resolution Fe 2p spectra of the passive film formed on 316L 
stainless steel in (a) 1M NaBr and (b) 1M NaCl at 60°C (surface, 0.6, 1.2, 

















From Table 4.9, it can be seen that at the same formation potential for 304L, 
SMO and 329, the passive films grown in NaCl tend to be slightly thicker than their 
bromide counterparts.  
 
 
Figure 4.47 XPS high resolution Cr 2p spectra of the passive film formed on 329 
stainless steel in (a) 1M NaBr and (b) 1M NaCl at 60°C (surface, 0.6, 
1.2, 1.8 and 2.4nm). Arrow indicates increasing depth into the stainless 
steel. 





















































Figure 4.48 XPS high resolution (a) Fe 2p and (b) Cr 2p spectra of  the passive film 
formed on SMO stainless steel in 1M NaCl at 80°C (surface, 0.6, 1.2, 1.8 
and 2.4nm). Arrow indicates increasing depth into the stainless steel. 
 

















































Table 4.9 Comparison of the thickness of passive films grown in 1M NaBr and 1M NaCl 
(The passive films of 316L at 22°C were grown to different formation 
potentials in 1M NaBr and 1M NaCl, hence not listed here for comparisons).  
 22°C 
 Thickness of passive film (nm) Formation potential (mV) 
 NaBr NaCl  
304L 1.1 2.5 250 
SMO 1.3 1.6 600 
329 1.0 1.4 550 
 
 The XPS high resolution Mo 3d peaks of 316L, 329 and SMO are shown in 
Figures 4.49 to 4.51. For 316L stainless steel in both chloride and bromide solutions, 
only metallic Mo peaks were detected. For the 329 stainless steel, the surface scan in 
chloride solution revealed the presence of Mo(VI). At a depth of 6nm, the overlapping 
of the Mo(0) and Mo(VI) peaks resulted in a very large hump from 227 to 235 eV. 
Deeper into the passive film saw the emergence of the Mo(0) peak and loss of the 
Mo(VI) peak. For SMO in chloride solution, Mo(VI) was detected even at a depth of 





















































Figure 4.49 XPS high resolution Mo 3d peaks of 329 in (a) 1M NaBr and (b) 1M NaCl 
at 60°C (surface, 0.6, 1.2, 1.8 and 2.4nm). Arrow indicates increasing depth 

















The pitting potential of SMO in NaCl at 80°C was 485eV, which is more 
positive than the pitting potential of 304L stainless steel in NaCl at room temperature. 
This reflects the high corrosion resistivity of SMO in chloride solutions, which the 
thicker passive film alone is unable to account for. The XPS results in Figure 4.50(b) 
suggest the presence of Mo(VI) in the passive film formed in chloride solution. Lu et 
al. reported that pure molybdenum enters the transpassive region at around 115mV in 


















































Figure 4.50 XPS high resolution Mo 3d peaks of the passive film formed on 329 in (a) 
1M NaBr and (b) 1M NaCl at 60°C (surface, 0.6, 1.2, 1.8 and 2.4nm). 
Arrow indicates increasing depth into stainless steel. 
Figure 4.51 XPS high resolution Mo 3d peaks of the passive film formed on SMO in 
(a) 1M NaBr at 60°C and (b) 1M NaCl at 80°C (surface, 0.6, 1.2, 1.8 and 
2.4nm). Arrow indicates increasing depth into stainless steel.  




















































0.1M HCl and forms loose black Mo(V) or Mo(VI) oxide which makes no beneficial 
contribution to the passivity of stainless steels [112,113]. However, in the presence of 
alloyed nitrogen, the transpassive potential of Mo is shifted towards more noble values 
and the majority of the nitrided Mo remains passive without any transpassive products 
[113]. The absence of any black transpassive products at the end of the 
potentiodynamic anodic polarization tests for SMO and 329, together with the 
literature values for the 3d5/2 peaks for Mo and its oxides listed in Table 4.10, suggest 
that the source of the Mo (VI) peaks are molybdates (or possibly MoO3) in the passive 
film formed in the chloride solution. This could be the main reason behind the high 
corrosion resistance. Molybdates are highly insoluble in acidic media and hence their 
presence would reduce the metal concentration in the pit solution, resulting in a 
decrease in the rate of mass transport of halides into the pit [30,114]. This would then 
delay the increase in acidity of the pit solution and destabilize any growing pits.  
Table 4.10 Literature values for the 3d5/2 peaks for Mo and its oxides [115,116] 
Compound Mo 3d5/2 position (eV) 
Peak position in this work 232.5 
Mo [Mo(0)] 227.8 
MoO2 [Mo(IV)] 229.3 
Mo2O3 [Mo(III)] 230.9 
MoO3 [Mo(VI)] 232.7 
Na2MoO4 [[Mo(VI)] 232.5 
(NH4)6Mo7O24·4H2O [Mo(IV)] 232.2 
 
Kim claimed that the formation of molybdates in chloride solutions improved 
the property of ion selectivity and encouraged the formation of oxides, thereby 
increasing the amount of protective chromium oxide [117]. In this work, a comparison 
of the Cr 2p spectrum indicates that the chromium oxide film formed on SMO (~6wt% 
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Mo) in NaCl was much thicker than both that formed in NaBr and those films formed 
on 304L, 316L and 329 (<3wt% Mo) in both halide solutions.  
Figures 4.52(a) and (b) further show that the overall atomic percentages of 
chromium and oxygen were more enhanced in chloride compared to bromide solutions. 
However, the differences in passive film thickness can also be attributed to the 
variations in the formation potential where the film was grown to. Yang et al. 
suggested the existence of a FeMoO4 layer which could repassivate the steel [118]. 
The co-existence of Fe(II) and Mo(VI) in the current XPS results may well indicate the 
formation of FeMoO4. However, judging from the pitting and repassivation 
characteristics  of SMO in NaCl (Figure 4.3), it does not appear that the presence of 
Mo(VI) aids in the repassivation of the stainless steel, as the pitting hysteresis loop for 
SMO in 1M NaCl is similar in size to, if not larger than, its counterparts for the other 
stainless steel grades with less or no alloyed molybdenum. It is more likely that if 
FeMoO4 formed, it behaved as a protective chemisorbed or salt film and prevented 
pitting corrosion [119-121]. This MoO4
2-
 hydrated Fe(II) layer was proposed by 
Sakashita and Sato to act as a cation selective species [122]. Corrosion is then hindered 
under such ion selective membranes. The negative charge on the MoO4
2- 
also impedes 




) ions into the passive film [63]. Indeed, in this work, this 
might be the reason why Cl
- 
ions were detected in 304L and 316L stainless steels, but 
no Cl
-
 was detected in SMO and 329 (where molybdates were found to be present on 












One consequence of the alloying of Mo into stainless steel is a decrease in the 
current density in the active region of acidic solutions, which has been reported to be 
by as much as two to three orders of magnitude [64]. This beneficial effect was not as 
evident in the nearly neutral solutions of chloride and bromide used in the present 
work. However, a slight decrease in the current density in the passive region was still 










































































































































Figure 4.53 Potentiodynamic cyclic polarization curves of 304L, 316L, 329 and SMO 
(increasing Mo content) stainless steels in (a) 1M NaCl at 80°C and (b) 1M 
NaBr at 60°C. Inset of (a) and (b) show the curves from -200 to 600mV. 
The current density in the active region decreases with increasing Mo 
content of the stainless steel (enlarged in inset).  
Figure 4.52 XPS composition depth profiles of Cr, Fe and O in the passive films 
















The formation of molybdate seems to be hampered in bromide solutions. There 
was no evidence of Mo(VI) in the passive films of 316L and 329 formed in bromide 
solution; while in SMO, weak Mo(VI) signals were only detected on the surface. In 
chloride solution, the detection of Mo(VI) was limited to the top 0.6nm for the 329 
stainless steel, while there was no Mo(VI) detected in 316L. The absence and low 
amount of Mo(VI) might be due to the lower Mo content in 316L and 329 stainless 
steels.   
  









































Figure 4.54 Potentiostatic current transient plots of 304L, 316L, 329 and SMO 
stainless steels at 80°C in (a) 1M NaCl at 0mV and (b) 1M NaBr at 
50mV vs Ag/AgCl (3.5M KCl).  
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4.3 Effects of Electrolyte Cation on Pitting Behaviour 




 ions on the pitting behaviour of stainless steels has 
been studied in NaX solutions. It is commonly assumed that the electrolyte cations do 
not play a role in the pitting behaviour of stainless steels. In this section, the pitting and 
repassivation characteristics of the 304L stainless steel were investigated in 
electrolytes with different cations. 
 
4.3.1 Pitting and Repassivation Characteristics 
 Figure 4.55(b) shows the pitting potentials of 304L stainless steel in lithium, 
sodium and potassium bromide solutions from 22°C to 80°C. In all three solutions, a 
similar trend with temperature was observed. With increasing temperature, the pitting 
potential and hence pitting resistances of the 304L stainless steel decreased. The rates 







 respectively. The small differences confirmed that the electrolyte 
cations had no pronounced effect on the temperature dependence trend of the pitting 
potentials.  
The pitting potentials in LiBr solution were the highest at all temperatures, by a 
significant amount of 100mV. Although there was much overlap between the pitting 
potentials in NaBr and KBr solutions, the average Ep in NaBr was still marginally 
higher than that in KBr. In general, the pitting potentials of 304L in the range of 22°C 
to 80°C increased in the order, KBr < NaBr < LiBr. It is widely acknowledged that the 
electrolyte cations have little or no effects on the pitting behaviours of stainless steels 
[119]. However, from Figure 4.55, it can be seen that the pitting resistance of 304L 






















Streicher measured the areal density of pits formed on AISI-304 in different 
chloride solutions at 25°C and found that the number of pits formed per unit area was 
higher in NaCl compared to LiCl [123]. He attributed the lower pitting resistance in 
NaCl to its lower pH of 6.22 compared to that of LiCl (7.03) and concluded that the 
cationic member of the chloride salt plays a minor role in influencing pitting corrosion. 
However, Leckie and Uhlig found that the pitting potentials of 18-8 stainless steels 

























































Figure 4.55 (a) Potentiodynamic polarization curves for 304L at 22°C in LiBr, 
NaBr and KBr and (b) summary of pitting potentials Ep against 
temperature for 304L in LiBr, NaBr and KBr. 
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were independent of the pH of the bulk electrolyte up till a pH value of 8 [124]. 
Similarly, Alvarez and Galvele showed that the pitting potentials of high purity iron in 
NaCl were constant when the pH value was increased from 7 to 10 [125]. In our work, 
the pH values of KBr, NaBr and LiBr did not differ by more than 1. Intuitively, this 
would mean that the difference in pitting potentials was not solely governed by the 
changes in the solution pH values.  
Since the pitting corrosion of stainless steels involved the diffusion and 










 into the pit, the 
presence of other cations likely has an influence on the migration rates of these anions. 







 are summarized in Table 4.11. Correlating the trend of 
mobility and diffusion constants with the pitting potentials, it is observed that the 
higher the mobility/diffusivity of the cation, the lower the pitting potential and 
resistance of 304L stainless steel in the corresponding electrolyte. Type 304L stainless 
steel showed the highest pitting potential in LiBr where Li
+
 has the lowest mobility 
and diffusion constant.  
 
Table 4.11 Ionic radii, mobilities and diffusion constants of cations [109,126]. 
Cation Ionic radius (pm) 
















+ 90 4.01 1.029 
Na
+ 116 5.19 1.334 
K
+
 152 7.62 1.957 
Fe
2+
 77 2.38 0.719 
Cr
3+




 During pit growth, cations inside the pit compete to migrate out to balance the 
electrostatic field. A cation with a higher diffusivity and mobility would be able to 





 possess smaller ionic radii, but their higher charges mean that they attract a larger  
solvent shell such that their movement is impeded, which is reflected in their lower 
diffusion constants and diffusion constants [109]. Intuitively, this would mean that the 





 in the pits, and hence the pH within the pits would fall faster. 
This signified that the faster K
+
 ions allowed the pit to acidify and become stable more 
quickly, resulting in the lower pitting potentials.   
Figure 4.56 shows the changes in repassivation potential Er with temperature 
for 304L stainless steel in LiBr, NaBr and KBr solutions. In all three solutions, a 
similar trend with temperature was observed. With increasing temperature, the 
repassivation potential of the 304L stainless steel decreased. However, unlike that of 
the pitting potential Ep, the values of repassivation potential Er are relatively close in 
the three solutions, thereby suggesting that the rate of migration of cations has little 

























Figure 4.56 Summary of repassivation potentials Er against temperature for 




 To sustain the growth of a stable pit, a critical concentration of metal chlorides 
in the pit anolyte must be maintained to support the formation of the salt film. For 
repassivation to take place, the contents of the anolyte must be diluted to hinder the 









) out of the pit, thereby reducing the local 
pit concentration to below the saturation point of the halide salt. This movement of 
ions involves both diffusion due to concentration gradients and electromigration due to 
potential gradients [127]. As proposed above, the different mobilities/diffusivities of 
the electrolyte cations affected the pitting potentials of the 304L stainless steel; 
however, there is little effect on the repassivation potential. A possible reason could be 
that during repassivation, the high concentration of metal cations and electrolyte 
anions within the pit mean that ion diffusion becomes the dominant transport 
mechanism. Furthermore, during the reverse potentiodynamic sweep to determine the 
repassivation potential, the applied field is reduced which would further retard 
migration rates. The repassivation process would then depend more on the 
concentration of the metal cations and halide anions, and less on the migration rates of 
the electrolyte cations. During stable pitting, the pit anolyte is saturated with transition 
metal halides in all cases (a necessary condition for salt film formation), so its 
concentration should be independent of the nature of the cation used in the external 
solution. As a result, the repassivation potential is not seen to vary significantly with 
the nature of the external cation.  
 In the event of repassivation, the pit cover may collapse, hence leading to 
stirring and convection within the pit. This results in the rapid movement of the ions in 
and out of the pit, which is not dependent on the nature of the ions. Thus, in the event 
that pit collapse occurs during repassivation, the nature of the cation will have little 
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effect on the repassivation potential. However, SEM images (Figure 4.22) do show the 
presence of the lacy cover remnants in some pits, thus suggesting that the pit collapse 
explanation alone cannot explain why the repassivation potential is not seen to depend 
strongly on the nature of the cation. In summary, the nature of the electrolyte cation 
has a much stronger influence on the rate at which concentration of the pit anolyte 
increases for pit initiation than on the rate that it decreases during repassivation.    
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4.4 Correlation with PREN  
 In Section 1.3.1, the PREN was introduced as a form of comparing the pitting 
resistances of different stainless steels. According to PREN, the pitting resistances of 
the stainless steels used in this thesis increases in the following manner: 304L < 316L 
< 329 < SMO. In terms of the characteristics properties like the pitting Ep and 
repassivation Er potentials, within the test temperature range (3 – 80°C), the Ep and Er 
values of SMO are generally the highest (most positive) followed by 329, 316L and 
304L (Figure 4.57). This trend is the same in both chloride and bromide solutions. In 
NaCl, 304L pitted at 3°C, but the lowest temperature where pitting was observed was 
22°C for 316L, 40°C for 329 and 80°C for SMO. In NaBr, 304L and 316L pitted at 
3°C, while pitting was only observed at 40°C for 329 and SMO. In NaI, no pitting was 
observed for 329 and SMO, but 316L pitted at 80°C and 304 at 60°C. These trends 
reflected the highest pitting resistance in SMO, followed by 329 and 316L, and 304L 







) solutions. In terms of the size of the pits, the metastable pitting plots and 
SEM images reveal that SMO tends to have the lowest metastable and stable pit sizes 





















Figure 4.57 Summary of pitting potentials Ep against PREN in 1M NaCl and 1M 
NaBr at 80°C. 
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The results obtained in this work show that even though the effects of 
temperature varied in chloride and bromide solutions, the PREN is still a useful and 
relatively accurate guide in predicting the relative pitting susceptibilities amongst the 






The pitting behaviours of austenitic 304L, 316L, SMO and duplex 329 stainless 
steels at different temperatures in various solutions were investigated by traditional 
electrochemical techniques and their passive films further characterized by SEM and 
XPS. In the electrolyte solutions of NaCl, NaBr and NaI, within the test temperature 
range of 3 to 90°C, the pitting resistances of the stainless steels were found to increase 
in the following manner: 304L < 316< 329 < SMO. This showed that the PREN 
remains a useful guide in predicting the relative pitting resistances of the stainless 
steels regardless of the natures of the halide ions involved and the microstructure of the 
stainless steel. Likewise alloying with Mo increases the pitting resistances in all the 
environments studied. 
An increase in temperature resulted in a decrease in the pitting Ep, 
repassivation Er and corrosion potentials Ecorr of the stainless steels. The metastable 
pitting tests showed that the lifetime, average radii and pit stability product of the 
metastable pits increased with temperature. The alloys were more susceptible to pitting 
and general corrosion, as a result of faster chemical and electrochemical reactions, a 
lower oxygen solubility, faster diffusivity and mobility of ions at higher temperatures. 
Potentiodynamic and potentiostatic tests also showed that temperature had a less 
influential effect on the repassivation process. The pit stability product throughout the 
growth of a metastable pit on a 304L stainless steel in 1M NaCl at 22°C was shown to 
be lower than the reported literature critical pit stability product. This reiterated that for 
stable pit growth, the pit stability product i∙a must exceed the critical value of 3mA 
cm
-1
. SEM images revealed non-circular pits with an incomplete lacy metal cover. 
These perforated covers act as diffusion barriers to maintain a concentrated aggressive 
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environment in the pit, resulting in a larger than critical pit stability product and hence 
prevent repassivation.  
XPS results revealed the presence of Cl in 304L and 316L prior to pitting at 
60°C, but none was observed at 22°C. This suggests an ion penetration pit initiation 
mechanism which is aided by the higher diffusivity and mobility of ions and the higher 
porosity of the passive films at higher temperatures. The passive films grown on the 
different stainless steels grades shared a common composition and structure: a surface 
hydroxide-oxide layer, followed by a mixed iron-chromium oxide layer and a thick 
layer of Cr2O3. 
The temperature dependent pitting potentials of the stainless steels followed a 
linear relationship in sodium bromide but an exponential relationship in sodium 
chloride. A cross-over temperature Tc was then established. Below Tc, pitting 
resistance was higher in chloride solution and above that pitting resistance was higher 
in bromide solution. The estimated Tc (22°C for 304L, 32°C for 316L, 52°C for 329 
and >90°C for SMO) was observed to increase with the PREN of the stainless steels. 
The difference in pitting potential-temperature relationships was proposed to be due to 
different rate-determining steps – MnS dissolution versus breakdown of passive film. 
This is supported by potentiostatic tests which showed that in 304L and 316L, 
regardless of the magnitude of the pitting potential Ep, metastable pitting activity is 
always higher in chloride solutions. This may be because inclusions were more 
favourable for pitting in chloride than in bromide solutions. However, in 329 and SMO, 
the lack of inclusions resulted in the removal of favourable pitting sites for chloride 
solutions and hence metastable pitting activities in both solutions are comparable.    
87 
 
XPS results further revealed the formation of molybdates MoO4
2-
 in the passive 
films of SMO and 329 in chloride solutions. The presence of the molybdates could be 
the main reason behind the high pitting resistance of SMO in chloride solution. The 
negative charge on the MoO4
2- 
impedes the attack of the negatively charged anions into 
the passive film, hence explaining the absence of Cl in the passive films on the 329 
and SMO stainless steels. In contrast, the formation of molybdate was hampered in 
bromide solutions. There was no evidence of Mo (VI) in the passive films of 316L and 
329 formed in bromide solution; while in SMO, weak Mo (VI) signals were only 
detected on the surface. 
The pitting potentials of 304L in the range of 22°C to 80°C increased in the 
order KBr < NaBr < LiBr. This is related to the different mobility/diffusivity of the 
electrolyte cation, which affected the rate at which the pit acidified and became stable. 
Nevertheless, the rate of migration of cations has little effect on the repassivation 
potential. During repassivation, due to the high concentration of metal cations and 
electrolyte anions already in the pit, ion diffusion becomes the dominant transport 
mechanism. Hence, concentration of the ions plays a more influential role and the 




6. FUTURE WORK 
In this work, the maximum test temperature was 90°C and the cross-over 
temperature for SMO was speculated to be above 90°C. High temperature pitting 
measurements can be further done to confirm the existence of the cross-over 
temperature. Since water boils at 100°C at 1 atmospheric pressure, the electrochemical 
tests must be done under high pressure to prevent the boiling of water and changing 
the concentration of the electrolytes. In addition, the pitting behaviours in iodide 
solutions can also be further tabulated since pitting in sodium iodide only takes place 
at higher temperatures. As such, the temperature dependence in iodide solutions can be 
investigated and a more detailed comparison between the different electrolyte anions 
can be drawn.  
The stainless steel samples in this work have been characterized by ex-situ 
methods. In-situ characterization could be used to achieve a clearer real-time 
understanding of the pitting process and observe any compositional changes in the 
passive film along the potentiodynamic cycle. In-situ ellipsometric studies monitor the 
real-time changes in film thickness; photocurrent and capacitance measurements 
provide direct information about the electronic properties of the passive films and also 
reveal indirect information about the structure and composition.  
The stainless steel samples used in this work are of commercial grades and 
hence in terms of composition, there are many variants in the different alloying 
elements. The advantage in using commercial grades is that the experimental results 
give a more accurate reflection of the performance of stainless steels currently used in 
the market. However, for a deeper understanding of the beneficial/detrimental effects 
of specific elements, e.g. Mo, on the pitting behaviour of stainless steels in the 
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different halide solutions, stainless steel samples with tailored compositions should be 
used instead. Hence, to further support the conclusions made in this thesis, similar 
experiments can be performed on the custom-made stainless steels.   
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